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ABSTRACT 
 Parental care is important to offspring survival in many species. Because care 
benefits young and is often costly to parents, it can generate fitness trade-offs that 
influence the evolution of family life. In particular, interactions within families are 
predicted to generate variation in care, which in turn causes selection on traits used to 
give, receive, and influence care. My dissertation examines whether such socially 
dynamic processes have influenced the evolution of parental and embryo behavior in 
glassfrogs (Centrolenidae). These Neotropical frogs have terrestrial eggs, aquatic larvae, 
and multiple origins of male-only care. Embryos can plastically alter hatching age, which 
might allow them to adaptively respond to variation in egg care. I test for parent–embryo 
coevolution by combining field observations (40 species), experiments (8 species), and 
phylogenetic comparative analyses.  
First, I test historical and functional hypotheses of parental care evolution. I found 
that uniparental egg-care is ubiquitous in centrolenids, can be provided by either sex, and 
benefits young. Elaborate male-only care evolved repeatedly from simpler female-only 
care, a pattern consistent with constraints on female-care levels. Second, I examine the 
diversification of male-only care, testing whether maternal changes to egg-clutch traits 
	  	   viii 
influence embryo dependency and if such changes are associated with male-only care. 
Evidence indicates that reduced female expenditure on egg-jelly evolved with, and 
increases the importance of, elaborate male care. Next, I evaluate whether embryos 
respond to behavioral and evolutionary changes in parenting. Embryos behaviorally delay 
hatching when parents continue caring, and evidence indicates that evolutionary increases 
in hatching plasticity evolved with increases in care duration. I tested if male mating 
success causes variation in male care, and thereby influences embryo behavior. I found 
that increased mating success extends male care, making nests safer, and embryos delay 
hatching accordingly. Finally, I examine selective tradeoffs influencing hatching 
plasticity by measuring hatchling phenotypes and fitness correlates. Across species, 
delayed hatching provides performance benefits during the larval stage. 
Overall, my work reveals coevolutionary interactions among mothers, fathers, and 
embryos. It supports that embryos respond to parentally mediated changes in egg 
environments and elucidates how family life alters selection on parental and embryo 
traits. 
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CHAPTER ONE: INTRODUCTION 
Parental care is a widespread and essential part of many animals’ life history. The 
evolution of care depends on the relative fitness benefits of care to young vs. costs to 
caregiving parents (Clutton-Brock 1991). Because parental effort requires time, energy, 
and resources, providing care is predicted to generate life-history tradeoffs with somatic 
and reproductive effort for parents (Williams 1966, Trivers 1972, Wilson 1975, Alonso-
Alvarez and Velando 2012). Therefore, care is expected to evolve only when the benefits 
to young—in the form of enhanced survival and reproduction—outweigh the costs to 
parents’ survival and future reproduction (Clutton-Brock 1991, Klug and Bonsall 2010, 
Alonso-Alvarez and Velando 2012). While costs and benefits provide a mechanism for 
selection, care cannot evolve without preexisting traits that can be recruited for new 
functions and shaped into the responsive phenotypes through which parents deliver and 
offspring benefit from care (Tallamy 1984, West-Eberhard 2003, Royle et al. 2016). 
Furthermore, the costs and benefits of care are linked to species’ ecology and life history, 
and thus demographic processes ultimately determine whether novel parental traits spread 
in a population (Clutton-Brock 1991, Klug and Bonsall 2010, Klug et al. 2012, Reyes et 
al. 2016).  
 Because parental care influences offspring and parental fitness, it can become 
both an agent and target of selection that shapes family life (Emlen and Oring 1977, 
Trivers 1974, Wolf et al. 1999, Kölliker et al. 2012). Individual perspectives over optimal 
care levels may conflict or synergize, leading to antagonistic or mutually reinforcing 
selection between the sexes, and between parents and offspring (Trivers 1974, Kilner and 
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Hinde 2012, Kölliker et al. 2012). These processes represent a form of social selection 
(West-Eberhard 2014), whereby behavioral and co-evolutionary interactions among 
family members can influence the current expression and ultimate outcome of care traits 
(Wolf et al. 1999, Alonzo 2010, Royal et al. 2014, Kölliker et al. 2005). Such family 
dynamics can produce unexpected outcomes, for example, reducing care below optimal 
levels for offspring and partners (McNamara et al. 1999, 2003, Royle et al. 2002, Lessells 
and McNamara 2012), or conversely stabilize and even elaborate sex-specific care (Smith 
and Härdling 2000, McNamara and Wolf 2015, Stockley et al. 2016). Emerging research 
has begun to untangle the complex social and evolutionary dynamics that influence the 
evolution of parental care, providing fresh insight on a number of topics; for example, 
how mating dynamics can maintain uniparental care despite extremely low parentage 
(Alonzo 2008, Alonzo and Heckman 2010), how transitions in care patterns can enhance 
the benefits of care (Stockley and Hobson 2016, West and Capellini 2016), the evolution 
of elaborate offspring traits used to manipulate care (Kilner et al. 1999, Kilner and Hinde 
2012), and even the origins of human intelligence (Hrdy 2014, Piantadosi and Kidd 
2016). 
Considerable research demonstrates that parental care can shape the evolution of 
offspring traits (reviewed by Clutton-Brock 1991, Royle et al. 2012). Much of this 
research has focused on groups where offspring beg or compete for complex parental 
care, and both sexes interact to provide care (reviewed by Royle et al. 2004, Kilner and 
Hinde 2012, Lessells 2012, and Roulin and Dreiss 2012). While species with elaborate 
parent–offspring interactions are good systems to test for co-evolutionary processes, 
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many animals only experience parental care as eggs. Indeed, egg attendance is the most 
widespread and labile form of care, having evolved numerous times among arthropods, 
fishes, amphibians, and amniotes (Tallamy 2001, Mank et al. 2005, Smiseth et al. 2012, 
Gilbert and Manica 2015). Embryos in eggs have traditionally been viewed as passive 
family members, incapable of responding to or influencing family interactions. 
Furthermore, egg attendance is typically provided by just one parent, presumably limiting 
the scope for interaction between the sexes during parenting. Thus, the evolution of egg 
attendance is considered a response to harsh offspring environments, influenced by the 
initial sex-specific costs of providing care (Clutton-Brock 1991, Smiseth et al. 2012). 
However, if family members influence and evolve in response to parental care, the 
signals of co-evolutionary processes should be detectable regardless of the form or 
simplicity of parental behavior. My dissertation expands behavioral and evolutionary 
analyses of parent–offspring interactions to a group where uniparental care is limited to 
the egg stage.  
The evolution of parental care could interact with embryo behavior. Embryos of 
many species adaptively alter when they hatch in response to risk or opportunity 
(reviewed by Warkentin 2011a). For instance, embryos can hatch prematurely to escape 
egg-stage dangers or delay hatching to prolong development in safe eggs (Sih and Moore 
1993, Warkentin 1995, 2011b). Such capacities fundamentally change the possibilities 
for parent–embryo interactions, compared with the traditional view of embryo passivity. 
The evolution of parental care changes egg environments, and likely selection on embryo 
traits. Parental care could relax selection during the egg stage, favoring longer 
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development in safer egg (Williams 1966, Shine 1978). However, parental care is 
inherently variable—due to a variety of factors (e.g., Queller, 1997; Kokko & Jennions, 
2008; Alonzo 2010; Klug et al., 2013)—and thus can contribute to variation in offspring 
environments. Environmental heterogeneity is a fundamental driver of phenotypic 
plasticity (Pigliucci, 2001). Therefore, variation in egg-care could favor plasticity in 
hatching age. The possibility that embryos alter when they hatch in response to parental 
behavior, enabling them to actively respond to the social dynamics of family life, is 
largely untested (but see Delia et al. 2014). My dissertation integrates research on 
parental care and hatching plasticity to examine how family dynamics have influenced 
the evolution of egg attendance and adaptive embryo behavior in Neotropical glassfrogs 
(Centrolenidae).  
Glassfrogs are an excellent group to investigate parent–embryo interactions. They 
have a semi-terrestrial reproductive mode, where terrestrial eggs develop on leaves and 
rocks, and larvae develop in streams. A single parent provides egg-only care, hydrating 
embryos and sometimes guarding them from predators (McDiarmid 1978, Hayes 1991). 
As in other frogs with semi-terrestrial reproduction, hatching involves a dramatic habitat 
shift that provides opportunities for stage-specific selection (Warkentin 1995, 2011b). 
Glassfrog embryos also exhibit considerable plasticity in hatching age—after an initial 
obligate embryonic period, embryos can delay hatching to extend their development in 
ovo for weeks, more than doubling the duration of the egg stage (Delia et al. 2014, 2017). 
While there have been key contributions to our knowledge of glassfrog behavioral 
ecology (McDiarmid 1978, Hayes 1991, Jacobson 1985, Vockenhuber et al. 2008), 
	  	  
5 
information is relatively scarce for most species. A key goal of my dissertation was to 
describe the natural history of parental care across this family to enable comparative 
analyses, focus experimental research, and guide experimental design.  
In this dissertation I test for parent–embryo interactions by combining field 
observations of 40 species, experiments with 8 species, and phylogenetic comparative 
analyses. In the following chapters I describe research aimed to document and explain 
patterns of parental care, test historical hypotheses concerning its evolution, and examine 
whether embryos evolve in response to changes in parenting. In chapter 2, I document the 
phylogenetic distribution of parental care, test the adaptive function of brief female-care, 
and examine evolutionary patterns of sex-specific forms of care. In chapter 3, I expand 
tests of historical and functional hypotheses, using comparative experiments to evaluate 
factors influencing the evolution of prolonged male care. I examine whether maternal 
changes to egg-clutch traits influence embryos' dependence on care and if such changes 
are associated with the evolution of male-only care. In chapter 4, I evaluate whether 
embryos respond to behavioral and evolutionary changes in parenting. I test if embryos 
adjust their hatching timing to cope with variation in care, and use comparative analyses 
to determine if evolutionary changes in hatching plasticity are associated with changes in 
care. To examine the factors underlying variation in male care, I test if mating dynamics 
influence care periods and whether embryos respond to these socially driven changes in 
parenting. In chapter 5, I quantify hatching plasticity and examine selective tradeoffs 
influencing it by measuring phenotypes and fitness correlates for hatchlings of different 
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ages. In chapter 6, I summarize key results of my dissertation, and discuss their 
contributions to the fields of parental care and embryo behavior research.   
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CHAPTER TWO: PATTERNS OF PARENTAL CARE IN GLASSFROGS: 
FIELDWORK ALTERS HYPOTHESES OF SEX-ROLE EVOLUTION 
 
 This chapter is published as: 
Delia J, Bravo-Valencia L, Warkentin K. 2017. Patterns of parental care in 
Neotropical glassfrogs: fieldwork alters hypotheses of sex-role evolution. Journal of 
Evolutionary Biology. 30(5): 898–914. 
 
ABSTRACT 
Many animals provide parental care to offspring. Parental sex-roles vary extensively 
across taxa, and such patterns are considered well documented. However, information on 
amphibians is lacking relative to other vertebrate groups. We combine natural history 
observations with functional and historical analyses to examine the evolution of egg care 
in glassfrogs (Centrolenidae). Parental care was considered rare and predominately 
provided by males. Our field observations of 40 species revealed that care occurs 
throughout the family, and the caregiving sex changes across lineages. We discovered 
that a brief period of maternal care is widespread and occurs in species previously 
thought to lack care. Using a combination of female-removal experiments, prey-choice 
tests with egg-eating katydids, and parental disturbance-tolerance assays, we confirm the 
adaptive benefits of short-term maternal care in wild Cochranella granulosa and 
Teratohyla pulverata. To examine historical transitions between caregiving sexes, we 
assembled a molecular phylogeny and estimated ancestral care states using our data and 
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the literature. We assessed patterns indicative of sex-specific constraints by testing 
whether transitions between the sexes are associated with changes in care levels. Our 
analyses support that male-only care evolved 2–3 times from female-only care, and this 
change is associated with substantial increases in care levels—a pattern supporting the 
hypothesis that male-only care evolved via constraints on maternal expenditure. Many 
groups of amphibians remain poorly studied, with emerging evidence indicating that care 
patterns are more diverse than currently appreciated. Natural history remains fundamental 
to uncovering this diversity and generating testable hypotheses of sex-role evolution.  
 
INTRODUCTION 
The existence and nature of parental care varies remarkably across animals. This 
diversity has motivated theoretical research addressing the question of which sex should 
provide care (reviewed by Clutton-Brock, 1991; Klug et al., 2012). In theory, the 
evolution of parental sex-roles is driven by the sex-specific costs and benefits of 
providing care. These costs and benefits—initially linked to reproductive investment in 
gametes (Trivers, 1972)—can be influenced by many factors (e.g., Queller, 1997; Kokko 
& Jennions, 2008; Alonzo 2010; Klug et al., 2013). Empirically, patterns of parental care 
in vertebrates are considered well documented (Kokko & Jennions, 2008; Balshine, 
2012). Nonetheless, the diversity of parental behavior in some groups is poorly matched 
to research effort. Amphibians, for example, exhibit a remarkable diversity of parental 
strategies, unrivaled among the tetrapods (Wells, 2007). Yet, we still lack basic data on 
many species to determine whether care exists and which sex provides it, suggesting we 
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have yet to uncover the diversity within this class (Bee et al., 2013). Here, we show that 
basic fieldwork reveals unexpected cases and patterns of care in Neotropical glassfrogs.  
 Parental care is rare in frogs (10–20% of extant species), but can be provided by 
males, females, or both sexes (McDiarmid, 1978; Wells, 2007). There are some 40–50 
independent origins of parental care in this order, with uniparental care occurring equally 
often in each sex (Gross & Shine, 1981; Beck, 1998; Reynolds et al., 2002). This 
‘intermediate’ pattern—between male-biased care in fishes and female-biased care in 
amniotes—is ideal for examining conditions that generate divergence in parental sex-
roles (Summers & Tumulty, 2013). The mode of fertilization (internal/external) is 
thought to contribute to care patterns (Williams 1975; Gross & Shine, 1981). Internal 
fertilization is argued to make male care unlikely, as it disassociates males from offspring 
and can increase the incidence of multiple paternity, reducing male relatedness to broods 
(Williams 1975; Trivers, 1972; Queller, 1997). Beck (1998) found no evolutionary 
association between mode of fertilization and the sex providing care in frogs. However, 
very few frogs have internal fertilization (Gross & Shine, 1981; Wells, 2007). Including 
other amphibians in phylogenetic analyses would likely change this result, as maternal 
care predominates in salamanders and caecilians with internal fertilization (discussed in 
detail by Wells, 2007). While it is clear that multiple paternity can influence male care in 
complex ways (Alonzo & Heckman, 2010; Alonzo, 2010), external fertilization in frogs 
may make parental sex-roles particularly labile and sensitive to other factors.  
The relative costs of care to future reproduction likely influence care patterns. 
Providing care trades off with competition for mates by males, and with resource 
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allocation to fecundity by females (Williams, 1966; 1975; Trivers, 1972). The prevalence 
of female care in many groups of arthropods and vertebrates is often attributed to higher 
costs for males (Clutton-Brock, 1991; Reynolds et al., 2002; Liker et al. 2015; Gilbert & 
Manica, 2015). It is difficult to evaluate such relative parental investment in frogs, as 
both costs and benefits analyses of parenting are lacking (Wells, 2007; Bee et al., 2013).   
Female frogs often provide more elaborate forms of care than do males, which might 
result from sex-specific constraints. In Neotropical poison frogs, for example, transitions 
from uniparental male to female care are associated with the evolution of trophic egg-
feeding (Weygoldt, 1987; Summers et al., 1999; Brown et al., 2010). These transitions 
likely occurred in response to ecological constraints that increase offspring dependency, 
as species with maternal care tend to use small, nutrient-poor nurseries where tadpoles 
require trophic eggs to survive (Summers & McKeon, 2004; Brown et al., 2010). Broader 
comparative analyses also found that egg-feeding and biparental care evolved repeatedly 
in frogs that use small pools, suggesting that female care evolves with increased 
nutritional dependence of larva (Brown et al., 2010). This phylogenetic pattern is 
consistent with the hypothesis that female frogs compensate when offspring require more 
intense levels of care. However, larval care is much less common than egg care in frogs 
(Wells, 2007), so this trend may only apply to certain ecological contexts. Furthermore, 
analyses are lacking for families in which male-only care has evolved repeatedly. 
Male care is more likely to evolve when its’ costs to future mating are reduced, 
such as when additional mating prospects are low (Maynard-Smith, 1977; Kokko & 
Jennions, 2008), when caring does not preclude mating (Williams, 1975; Gross & 
	  	  
11 
Sargent, 1985; Manica & Johnstone, 2004), and/or if caring improves mating success 
(Alonzo, 2012). It appears that male care does not limit mating in many groups of fishes, 
amphibians, and arthropods, as territorial males continue to mate while caring for 
multiple, overlapping broods (Williams, 1975; Wells, 1981; Gross & Sargent, 1985; 
Tallamy, 2000). Male territoriality at oviposition sites physically associates fathers with 
offspring. If territoriality improves mating prospects, feedback between mating success 
and territory tenure could provide a starting point for natural selection to act on paternal 
behaviors (Williams 1975; Gross & Sargent, 1985). Furthermore, female preferences for 
paternal males could generate additional benefits that maintain and elaborate male care 
(Alonzo, 2012).  
Parental care may be especially costly to female fecundity in species with 
indeterminate growth (Emlen, 1973; Gross & Sargent, 1985). Such fecundity costs could 
limit female care in general, or generate transitions between the sexes when offspring 
require additional care. A variant of this argument—dubbed the ‘enhanced fecundity 
hypothesis’—proposes that transitions from female to male care would liberate females 
from energetic costs that constrain fecundity and increase reproductive rates of both sexes 
(Sargent & Gross, 1985; Tallamy, 2000; Gilbert & Manica, 2015). This process requires 
that females initially performed care, as well as some mechanism to generate benefits for 
males that take over parenting (i.e., female preference for and/or larger brood size with 
paternal males) (Boggs, 1990; Tallamy, 2000; Gilbert & Manica, 2015). In addition, this 
process could also maintain and elaborate male care after it has evolved by altering brood 
value (Stockley & Hobson, 2016). 
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While both general processes are likely interrelated, pattern-based support for 
each can be evaluated by examining historical transitions in caregiving sexes; male care 
evolves from no care when costs to mating are reduced by overlapping broods, whereas 
male care evolves from female care when maternal investment is constrained (Williams, 
1975; Maynard-Smith, 1977; Gilbert & Manica, 2015). Evidence to date suggests that 
uniparental male care most frequently evolved from no care in arthropods, fishes and 
amphibians (Goodwin et al., 1998; Reynolds et al., 2002; Gonzalez-Voyer et al., 2008; 
Gilbert & Manica, 2015; Stockley & Hobson, 2016). Comparative analyses in mammals 
suggest that male assistance in parenting subsequently enhanced female fecundity 
(Stockley & Hobson, 2016).  
In glassfrogs (Centrolenidae) parental care is considered rare, but males attend 
arboreal eggs in Hyalinobatrachium and some Centrolene. It is thought that male care 
evolved independently in both genera, presumably from an ancestral state of no care 
(Delia et al., 2013; Vargas-Salinas et al., 2014). Recently, we confirmed maternal care in 
Ikakogi tayrona, a monotypic sister taxon to all other glassfrogs (Guayasamin et al., 
2009; Bravo Valencia & Delia, 2016). Parental care in these species involves egg 
brooding, where parents sit on and hydrate eggs, and often additional guarding behaviors 
to protect eggs from predators (Vockenhuber et al., 2009; Delia et al., 2013; Lehtinen et 
al., 2014; Bravo Valencia & Delia, 2016). From the literature, we estimated parental care 
to occur in roughly 22% of glassfrog species, limited to three (of 12) genera, at a male to 
female ratio of 33 to 1 (see Supp. in Delia et al. 2017). However, in 2011 we observed 
maternal egg-brooding in two relatively well-studied glassfrogs thought to lack care—
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Cochranella granulosa and Teratohyla pulverata (Savage, 2002; Hawley, 2006). We saw 
females brood eggs for several hours following oviposition, during which the egg clutch 
visibly swelled with hydration (unpublished data). Similar maternal behaviors have been 
observed in other species thought to lack care (e.g., Jacobson, 1985; Cadle & McDiarmid, 
1990; Diaz-Ricaurte et al. 2016), but the authors were uncertain whether the behavior 
was actually a form of care. These observations raise questions about the occurrence and 
evolution of parental care in glassfrogs. If this bout of brooding is a true form of post-
zygotic care, it may occur in species currently thought to lack care. Furthermore, 
accounting for this diversity could change hypotheses about the historical pathways 
leading to contemporary parental sex-roles. 
Here, we combine functional analyses of maternal behavior with comparative 
natural history to trace the pathways of care evolution in glassfrogs. First, we tested 
whether first-night maternal brooding benefits offspring in C. granulosa and T. pulverata 
by conducting female-removal experiments in the field and prey-choice tests with egg-
eating katydids. We also tested whether mothers are committed to brooding using a 
disturbance assay to create a perceived trade-off between continuing parental behavior 
and avoiding potential threats. To determine the phylogenetic distribution of parental 
care, we quantified parental behavior in the field for 40 species distributed across the 
family tree, resampling 8 of 12 species reported to lack care. With the discovery that care 
is ubiquitous in sampled species, we then examined historical transitions in caregiving 
sex by assembling a molecular phylogeny and reconstructing ancestral states using our 
data and information from the literature (for 48 species, ~ 32% of the family). Sex-
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specific limits can be examined by testing whether transitions between caregiving sexes 
are associated with changes in parental expenditure (e.g., time devoted to care). Male 
constraints would be predicted by an increase in care levels with transitions from male to 
female care, whereas female constraints would be supported by an increase in care levels 
with transitions in the opposite direction. If extending care is more costly for females, we 
predict that males respond when offspring benefit from extensive care. We assessed such 
patterns by first calculating the time species’ devote to parenting in the field, then testing 
whether it is associated with evolutionary transitions between caregiving sexes. In 
summary, we find that the incidence of parental care has been greatly underestimated in 
glassfrogs, which changes the hypothesis of sex-role evolution.  
 
METHODS 
Care Function – Female Removal Experiments 
We studied first-night brooding in Cochranella granulosa and Teratohyla pulverata on 
Río Frijoles in Parque Nacional Soberanía, Panamá during the rainy seasons of 2012–
2014. To test the benefits of egg brooding in the field, we removed 24 mothers of each 
species from their clutches immediately after fertilization, prior to brooding. The survival 
of these clutches was compared to that of 23 C. granulosa and 26 T. pulverata control 
clutches which were brooded by mothers; clutch size did not differ between treatments (t-
test: C. granulosa t44.87 = -0.56, P = 0.42, = 81.48 ± (SD) 13.59 eggs, n = 47; T. 
pulverata t47.9 = 1.19, P = 0.24,  = 59.18 ± 7.5 eggs, n = 50). We used hatchling cups to 
quantify egg-stage survival (sensu Hayes 1983), and monitored rates of specific sources 
x
x
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of mortality using daily field observations and photographs (for descriptions of fate 
categories see Warkentin, 2000, all sources listed in Fig. 2.1). Egg-clutch thickness, i.e., 
the distance from oviposition substrate to clutch surface, increases with hydration 
(Touchon & Warkentin 2009; Delia et al. 2013). To evaluate if removing mothers 
impacts egg-clutch hydration, we used a probe to measure clutch thickness (to the nearest 
0.5 mm) before and (for controls) after brooding for a subset of removal and control 
clutches  (n = 32 for each species). 
 
Care Function – Katydid Predation Trials 
To determine if maternal egg-hydration deters embryo predation, we presented pairs of 
brooded and removal (non-brooded) clutches to a nocturnal predator, the katydid 
Copiphora brevirostris (Fig. 2.2). We housed katydids individually in plastic containers 
in an open-air laboratory, and starved them for three days before trials. We collected pairs 
of egg clutches on the same night; one immediately after fertilization and the other just 
after brooding. Clutch thickness was measured just prior to the choice test (< 1 day old). 
Paired clutches were mounted ~ 5 cm apart on plastic cards and attached inside the 
predator’s container just before sunset. We began predator trials the night following 
oviposition, and checked clutches frequently for signs of predation. We used 16 pairs of 
C. granulosa and 15 pairs of T. pulverata clutches for predator choice tests, recording 
video of 10 C. granulosa and 11 T. pulverata trials to examine predator behavior. We 
used a different katydid for each trial; some ate the first night and others on the second 
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night. Initial clutch size did not vary between brooded and removal clutches 
(C. granulosa paired t-test t15 = 0.32, P = 0.75; T. pulverata t14 = -0.37, P = 0.71).  
 
Maternal Commitment Assay 
To experimentally assess mothers’ commitment to egg care, we used a simple behavioral 
challenge to disturb females of both species in two contexts: brooding eggs and non-
caring (i.e., approaching calling males or in amplexus). We applied a standardized, 
graded series of disturbance-stimuli to females as follows: 1) slowly approach the frog 
with a finger to ca. 1 cm distance, then wait 30 s for a response; 2) touch the frog lightly 
with a finger, up to 5 times at 10 s intervals; 3) a slightly harder push, up to 5 times; 4) 
pinch the frog gently between two fingers, up to 5 times, and 5) push the frog until it is 
physically displaced from its location. These disturbance-stimuli provide a simple means 
to simulate generalized threat and create tradeoffs between avoiding disturbance and 
continuing parental behavior (Frid & Dill, 2002; Bravo Valencia & Delia, 2016). We 
measured the level of disturbance at which females stopped what they were doing and 
fled for 40 C. granulosa (20 per context) and 39 T. pulverata (20 brooding and 19 non-
caring).  
 
Statistical Analyses 
Statistical analyses were conducted in R version 3.2.1 (R Development Core Team, 
2015). To test if offspring benefit from maternal brooding, we compared the proportional 
mortality of individual clutches between treatments using generalized linear models (glm) 
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with an underlying beta-binomial error distribution and logit link function (package aod; 
Lesnoff & Lancelot, 2010); this allowed us to make two-way comparisons while 
accounting for over-dispersed proportional data. Comparisons were made separately for 
each source of mortality to identify specific functions of maternal care. We tested if 
katydids preferred non-brooded or brooded clutches by comparing the proportional 
mortality of paired clutches using generalized linear mixed models (glmm) with a 
binomial error distribution (package lme4; Bates et al., 2015). We modeled ‘trial number’ 
as a random effect to account for the lack of independence between paired clutches, and 
modeled individual-level random effects to account for overdispersion. For glms and 
glmms, P values were computed with likelihood ratio tests (LRT) comparing nested 
models (one with and another without the treatment predictor). Paired samples Wilcoxon 
signed rank tests were used to compare clutch thickness before and after egg brooding, 
and to compare clutch thickness between paired clutches in predation trials. For the 
maternal commitment assay, we determined whether the observed distribution of female 
response to disturbance differed between behavioral contexts using chi-square tests.  
 
Comparative Observations of Parental Care 
To determine the phylogenetic distribution of parental care, we calculated egg-attendance 
frequencies in 40 species from 22 sites across Mexico, Panama, Colombia, Ecuador, and 
Peru (Figs 2.3 & 2.4, Tables 2.1 & 2.2). Fieldwork was conducted during the local rainy 
season at each site from 2010–2016. Our sampling includes about 27% of the ~150 
described species, distributed across 10 of the 12 glassfrog genera (Guayasamin et al., 
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2009; Frost, 2015). With the discovery of first-night brooding, we resampled 15 species 
with published information, including 8 of 12 reported to lack parental care. For each 
species we attempted to observe amplexus and oviposition, then quantify the frequency 
of egg-attendance behaviors by monitoring adults and egg clutches. When possible, we 
measured clutch thickness before egg brooding (just following fertilization) and after 
parents stopped brooding. To detect prolonged care, we repeatedly observed developing 
clutches every 30–60 min over 3–8 h sampling periods (6–16 observations per clutch per 
night). We made repeated observations on at least 3 clutches per species (except 
Cochranella resplendens, 1 clutch). Five species were observed over 2 nights (≥ 24 
observations per species), all others were observed for 3–34 nights (54–3500 
observations per species; Table 2.1). At each observation we noted if a presumed parent 
was present and any clutch-directed behavior; care was considered prolonged if parents 
were seen brooding ≥ 24 h after oviposition. The sex of caring parents was determined by 
their immediate prior role in oviposition and fertilization, male secondary sexual 
characters (vocal sacs and humeral spines), and immature ova visible through females’ 
body wall.  
We calculated the duration of parental care for 11 species, by monitoring multiple 
clutches nightly from oviposition until hatching. For each clutch we measured the 
duration of care in days and the earliest age and developmental stage of hatching (see S. 
Table 3 in Delia et al. 2017 for data). We sampled species from clades with each type of 
care-origin detected, and each species was observed for 2–4 months. These data were 
used to compare parental expenditure between sexes (see comparative analyses below). 
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Phylogenetic Analyses 
We estimated a set of ultrametric phylogenies of the Centrolenidae using a Bayesian 
relaxed-clock method implemented in BEAST v. 2.1.3 (Drummond et al., 2006; 
Bouckaert et al., 2014). While there are several published phylogenies of the 
Centrolenidae, none include all species that we studied. Therefore, we manually 
supplemented the most complete ingroup dataset to date generated by Twomey et al. 
(2014). This alignment builds on the Guayasamin et al. (2008) and Castroviejo-Fisher et 
al. (2014) datasets by incorporating more taxa and more terminals of individual species. 
For redundant individuals, we reduced the number of terminals down to one species 
representative, selected based on maximizing the number of genes with available 
sequence data; in some cases sequences of specimens of the same species were fused into 
a one single composite terminal (Twomey et al., 2014). We then supplemented this 
alignment with sequences for missing species, including Nymphargus lasgralarias and 
Mexican population of Hyalinobatrachium fleischmanni from Oaxaca that may represent 
a distinct species (Taylor, 1942; Castroviejo-Fisher et al., 2009; see Fig. 2.3). This 
individual H. fleischmanni (JAC 21365) was collected on the Pacific slope of the Sierra 
de Miahuatlan of Oaxaca, near our study site in this sierra. Our dataset includes up to 10 
genes for 111 of the ~150 named species and 10 putative new species from all 12 
glassfrog genera, and an outgroup of 22 species from closely-related families (including 
all known species of the putative sister family, Allophrynidae; S. Table 4 in Delia et al. 
2017). The number of genes used for each of the 143 total species follows: mitochondrial 
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12S (131 species), 16S (134), ND1 (121), and nuclear BDNF (80), c-myc (101), CXCR4 
(94), POMC (101), RAG1 (100), SLC8A1 (89), and SLC8A3 (91).  
We estimated a set of ultrametric phylogenies using a Bayesian relaxed-clock 
method implemented in BEAST v. 2.1.3 (Drummond et al., 2006; Bouckaert et al., 
2014). Among the models of nucleotide evolution available in BEAST, GTR + I + Γ was 
the best-fitting for each gene (based on Akaike information criterion using 
jMODELTEST v. 2.1.7, Darriba et al., 2012). We partitioned the dataset by each gene 
with four rate categories for Γ and estimated base frequencies, with unlinked substitution 
parameters. BEAST analyses used a lognormal relaxed-clock model and a Yule 
speciation process (Drummond et al., 2006). Because we were concerned with relative 
node ages, we used a fixed clock-rate to generate trees with ultrametric branch lengths in 
units of substitutions/site; to date there are no fossil records available for the 
Centrolenidae (but for divergence estimates see Hutter et al., 2013b; Castroviejo-Fisher 
et al., 2014). Two independent analyses were run for 50 million generations, with 
parameters values logged every 1,000 generations, using the CIPRES Science Gateway 
(Miller et al., 2010). We assessed parameter convergence visually and confirmed that all 
parameters had sufficient effective sampling size (ESS) greater than 200 using the 
program TRACER 1.6 (Rambaut et al., 2014). We discarded the first 10% of sampled 
trees as burn-in from each analysis, resampled states at a lower frequency, and pooled 
runs in the program LOGCOMBINER 2.3 (Bouckaert et al., 2014). The resulting 10,001 
trees were used to estimate a maximum clade credibility (MCC) tree with mean branch 
lengths using TREEANNOTATOR 2.3 (Bouckaert et al., 2014). To account for 
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phylogenetic uncertainty in comparative analyses, we also randomly sampled 1,000 trees 
from the complete posterior distribution of phylogenetic trees using the R package 
phytools (Revell, 2012); posterior probabilities of key nodes for reconstructions were > 
97% in both the full posterior (10,001) and subsampled (1,000) distribution of trees (see 
Figs. 2.3 and 2.4).  
 
Comparative Analyses of Parental Care 
We estimated ancestral care states using parsimony, maximum likelihood (ML), 
stochastic character mapping, and full Bayesian approaches. Species were coded for the 
discrete states of caring sex (male or female) and care duration (prolonged or not 
prolonged). We always detected some form of care when oviposition was observed (i.e., 
first-night brooding in species that lack prolonged care); no species with complete 
observations lack parental care. For species without observations of oviposition, and 
lacking prolonged care, we considered caring sex unknown. To maintain consistent 
criteria for data quality (i.e., repeated observations), we did not include published reports 
of putative care limited to observations of males near eggs, as some reflect coincidental 
proximity of calling and oviposition sites (reviewed in Delia et al. 2017, see Supp.). 
However, we included information on Celsiella vozmedianoi based on a single 
observation of a male brooding well-developed embryos (Señaris & Ayarzagüena, 2005). 
We obtained data from our fieldwork and information from the literature on care duration 
for 48 species, and a complete dataset for caring sex and duration (brief or prolonged) for 
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39 species, from 11 of 12 genera (Table 2.1). We estimated the ancestral state for each 
trait using the associated dataset.  
We conducted parsimony reconstructions using an unordered model in Mesquite 
version 3.03 (Maddison & Maddison, 2015). To account for phylogenetic uncertainty, we 
estimated the ancestral root state of the Centrolenidae on all 1,000 unpruned trees. For 
graphical representation, we also conducted parsimony reconstructions on the MCC tree 
and then subsequently predicted tip states for species with missing data. For maximum 
likelihood and stochastic character mapping, we used an equal-rate model (ER) of 
discrete-trait evolution for each character, as a two-rate model did not provide a better fit 
on any of the 1,000 trees (sex: log-likelihood difference = 2.12 ± 0.27, P = 0.14 ± 0.03 
(mean ± sd); duration: log-likelihood difference = 1.2 ± 0.25, P = 0.25 ± 0.05; based on 
1,000 likelihood searches on each tree in BayesTraits V2; Pagel et al. 2004). To account 
for branch length and topological uncertainty, we used maximum-likelihood to compute 
marginal reconstructions of the root state across all 1,000 trees (1,000 searches per tree; 
BayesTrait V2).  
We used two Bayesian approaches to compare how uncertainty in tip states alters 
reconstructions by running analyses on two datasets: one limited to species with complete 
observations, and another for the full family where species with unknown states were 
assigned an uninformative prior probability of exhibiting female, male, or no care (even 
though we did not observe species that lack care during our sampling). We conducted an 
empirical Bayesian approach (Yang, 2006) using stochastic character mapping (R 
package phytools, Revell, 2012). This method generates a stochastic character map by 
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calculating the conditional likelihood of each node by randomly sampling possible 
character histories in direct relation to their joint posterior probability, based on a fixed 
transition-rate matrix (Q) estimated from the data using maximum-likelihood and an 
evolutionary model (Huelsenbeck et al., 2003; Yang, 2006; Revell, 2014). Character 
histories were mapped 100 times on each of the 1,000 trees (a total of 100,000 character 
maps) for each analysis. While we graphically summarized proportional probabilities 
only from mapped trees that contain nodes present in the MCC tree, key nodes of interest 
(i.e., pie charts plotted in Fig. 2.4) occur in ≥ 97% of both the full posterior (10,001) and 
subsampled (1,000) distribution of trees from the BEAST runs (Fig. 2.3). Next, we used a 
reverse-jump MCMC method (rjMCMC) to estimate the root state of the Centrolenidae in 
the multistate mode of BayesTraits V2. This procedure accounts for uncertainty in both 
the evolutionary model and phylogeny by sampling the posterior distribution of all 
possible models in proportion to their likelihood, while incorporating information on trait 
evolution from across trees (Green, 1995; Pagel et. al, 2004). We then compared 
alternative root states by fixing them using the “fossil node” method for model testing. 
For each model we ran two independent MCMC chains for 50 million generations, 
seeding the prior from an exponential hyperprior with a mean and variance in range of 0–
10, discarding the first 500,000 generations as burn-in, sampling every 1,000 generations, 
and automatically optimizing the rate deviation parameter for appropriate acceptance 
rates. We tested alternative hypotheses about the root state by estimating marginal 
likelihood from the fossil node models using stepping-stone sampling with 100 samples 
and 10,000 iterations per sample, then made inference using log Bayes Factors (logBF = 
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2(log marginal likelihood[model 1] – log marginal likelihood [model 2])); logBF > 2 
considered positive, 5–10 strong, and  > 10 very strong evidence. We also used the fossil 
node method with ML across trees (using nested LRT comparing alternative states for 
each tree) for both the dataset limited to complete observations, and another where 
species with unknown states were assigned the same state as that confirmed in congeneric 
taxa (these were also the tip state predicted using the Empirical Bayesian method; 
addition S. Figures 1–2 in Delia et al. 2017). 
We tested whether transitions in caregiving sex are associated with evolutionary 
changes in parental expenditure using three approaches. First, we used both ML and 
Bayesian analyses of discrete traits using the dataset of 39 species with complete 
observations in BayesTraits V2. These analyses test for a correlation between two binary 
characters by comparing the fit of an independent model to that of a dependent model of 
trait evolution (Pagel, 1994). For ML analyses we conducted 1,000 likelihood searches 
for each of the 1,000 trees per model, and then compared alternative hypotheses of 
dependent versus independent models using nested LRT for each individual tree. For 
Bayesian analysis we used a rjMCMC method (Pagel & Meade, 2006) using two MCMC 
chains for each model, setting parameters and testing alternative hypotheses as described 
above.  
Next, we tested for sex-specific difference in parental expenditure among 15 
species using Phylogenetic Generalized Least Squares analyses (PGLS; Grafen, 1989) 
across 1,000 trees. This dataset includes daily observations of care duration for 15 species 
(13 studied during our work, plus the literature; see Fig. 5.5, see S. Table 3 in Delia et al. 
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2017). We calculated care duration relative to the obligate embryonic period as: average 
days of care/days until hatching competence. This estimate provides a detailed measure 
of parental expenditure while controlling for parental and non-parental effects on 
embryonic development, as embryos can delay hatching past hatching competence and 
development is slower at cooler temperatures (Delia et al., 2014; JD unpublished data). 
We confirmed that a Brownian motion model of evolution provided a better fit than 
Ornstein–Uhlenbeck and white noise using AIC values in the Geiger package (Harmon et 
al., 2008). To account for the appropriate amount for phylogenetic covariance in the 
residual errors of the regression model, we used the nlme (Pinheiro et al., 2013) and APE 
packages in R to simultaneously estimate λ with the regression parameters for each 
model/tree using restricted maximum likelihood (Revell, 2010; Symonds & Blomberg, 
2014). All ML results are presented as averages across the set of trees.   
 
RESULTS 
Care Function – Removal Experiment  
We observed 84 and 80 oviposition events in C. granulosa and T. pulverata, respectively. 
Every mother brooded her egg clutch after oviposition, but no parent returned on 
subsequent nights (S. video in Delia et al. 2017). Control females remained in brooding 
contact with eggs from 90–170 min ( = 121.9 ± (SE) 7.27) in C. granulosa and from 
75–120 min (102 ± 5.3) in T. pulverata. Clutches were about four times thicker 
immediately following brooding (C. granulosa = 1.15 ± 0.09 mm before and 4.46 ± 
0.21 mm after brooding, W = 0, P = 0.001; T. pulverata 1.07 ± 0.05 mm before and 4.14 
x
x
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± 0.13 mm after, W = 0, P = 0.0009). Removing mothers before brooding increased 
embryonic mortality for both species (C. granulosa χ2 = -8.97, P = 0.0027; T. pulverata 
χ2 = -21.12, P < 0.0001, Fig. 2.1A). On average, removal clutches experienced 38% and 
53% higher mortality in C. granulosa and T. pulverata, respectively. In C. granulosa, 
removal clutches experienced more embryonic dehydration (χ2 = -10.9, P = 0.0009). In T. 
pulverata, removal clutches experienced more dehydration, predation, and fungal 
infection (dehydration χ2 = -13.35, P = 0.00025; predation χ2 = -9.52, P = 0.002; fungus 
χ2 = -13.72, P = 0.0002). Rates of other sources of mortality did not differ between 
treatments (all P ≥ 0.16, Table 2.3). Because removal clutches were not brooded by 
mothers, they were thinner than control clutches on the night of oviposition (C. granulosa 
W = 210, P < 0.00001; T. pulverata W = 306, P < 0.00001). 
 
Care Function – Katydid Predation Trials 
Just prior to predation trials, 16–20 hours after oviposition, brooded clutches were still 
about three times thicker than removal clutches (C. granulosa W = 136, P = 0.00044; T. 
pulverata W = 91, P = 0.001). Katydids consumed most or all embryos from removal 
clutches, and ate few or no embryos from brooded clutches (C. granulosa χ2 = 41.4, P < 
0.00001; T. pulverata χ2 = 40.3, P < 0.00001, Fig. 2.1B). Videos of 22 trials revealed that 
katydids often sampled both clutches, but they appeared largely unable to extract 
embryos from clutches that had been brooded. 
 
Maternal Commitment Assay 
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Brooding females of both species were much more tolerant of disturbance than were non-
caring females tested during other activities (C. granulosa χ2 = 21.53, P < 0.0001, n = 40; 
T pulverata χ2 = 17.65, P = 0.001, n = 39, Fig. 2.1C). Non-caring females fled after 1–3 
soft touches, whereas brooding females tolerated repeated, escalated disturbance; 15% of 
C. granulosa and 25% of T. pulverata continued brooding until they were physically 
pushed off their clutch. After fleeing, egg-brooding mothers of both species often 
returned to their clutch within a few minutes and resumed brooding. We dislodged one C. 
granulosa mother from her clutch five times and she returned to brood her clutch after 
each—even after being picked up and measured. 
 
Comparative Observations of Parental Care 
Species with prolonged care attended clutches over multiple nights, whereas those with 
first-night care brooded their clutches only during the night of oviposition. Prolonged 
care was provided by female Ikakogi tayrona and by males across Hyalinobatrachium 
and within Centrolene; in other taxa, first-night care was provided only by females (Fig. 
2.4, Table 2.1). In contrast to Dautel et al., (2011), we did not detect male care in 
Centrolene lynchi despite more rigorous sampling over longer observational periods at 
the same field site (this species exhibits brief female care, Table 2.1). Prolonged care 
involved tending and brooding clutches during the night (in all species), and often during 
the day (in many species), throughout embryonic development. Whenever we observed 
oviposition in species without prolonged care, the mother brooded her clutch after 
fertilization, but left by dawn (Fig. 2.4, Table 2.1).  
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The following series of events was consistent across individuals and species with 
first-night care (see S. Movie in Delia et al. 2017). During amplexus (1–4 h) females 
appeared to hydrate in dew on leaf surfaces; they noticeably swelled and a water bladder 
(presumably their urinary bladder) was evident through their sides just prior to 
oviposition. Fertilization occurred at oviposition; in some species males captured eggs 
with their feet, fertilized them and then spread the eggs in a monolayer on the leaf within 
seconds. After that males often released the female and performed some movements with 
their hind legs on the clutch (presumably spreading sperm), and then left the oviposition-
site leaf. After a brief period (≤15 min), females moved back onto clutches and began 
performing behaviors indicative of egg brooding, including long periods without 
movement interspersed with brief periods of undulation and rotation on the clutch. 
Across species, females remained in brooding contact for 60–280 min and clutch 
thickness increased 2–5 mm during brooding (across species, Table 2.1). After brooding 
females’ bladders appeared empty, indicating a transfer of water to eggs. At oviposition 
eggs were closely adhered to the leaf surface, but after brooding they were suspended in a 
well-hydrated jelly matrix. Some Espadarana and Sachatamia differed slightly, in that 
changes in hydration were evident only in the perivitelline space. First-night brooding 
typically occurred between 00:00 and 05:00 h. On rare occasions females provided 
multiple brooding bouts (up to 3), leaving their clutch in between to visit patches of dew 
on leaves. 
We never directly observed the moment of oviposition in Ikakogi tayrona, but 
after oviposition females were first seen hydrating in dew on leaves and then brooding 
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clutches on the same night. In Hyalinobatrachium, females always left the oviposition 
site after laying eggs, without brooding, whereas males always remained on clutches after 
fertilization and began brooding. Males performed repeated bouts of rehydration and 
brooding during the first night (up to 4 bouts), achieving similar levels of clutch 
hydration as species in which brooding was limited to the first night (1.5–5.5 mm, Table 
2.1). In Centrolene with prolonged male care, both sexes assumed brooding postures on 
the clutch sequentially (first females, then males; Fig 2.6). Once eggs were laid, males 
left amplexus but remained next to females, emitted calls, and often nudged the female, 
sometimes crawling on top of her. Females moved onto and remained on clutches for 10–
70 min. We did not, however, detect changes in clutch hydration during this time, in 
contrast with maternal egg-hydration in other Centrolene that lack male care (Table 2.1). 
Females then left the oviposition site and males moved onto and brooded the clutch for 
150–350 min, during which time clutch thickness increased (1.5–3 mm).  
 For the 11 species monitored daily through development to calculate care duration 
(see S. Table 3 in Delia et al. 2017), we found the earliest hatching occurred at external 
gill resorption (onset of Gosner 1960 stages 24/25). This is consistent with published 
information from 4 additional species (Vockenhuber et al., 2008; Delia et al., 2014; 
Nokhbatolfoghahai et al., 2015; Bravo Valencia & Delia, 2016). We considered the 
period to reach stage 24/25 as the obligate embryonic period to assess care durations 
relative to embryo development. 
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Comparative Analyses of Parental Care 
We recovered a phylogeny that is generally well-supported and consistent with other 
published trees of the Centrolenidae generated from Bayesian, ML, and Parsimony 
analyses of molecular data (Fig. 2.3; e.g., Guayasamin et al., 2008; Hutter et al., 2013; 
Castroviejo-Fisher et al., 2014; Twomey et al., 2014). Coding caring sex and care 
duration onto the phylogeny revealed two consistent patterns: 1) both states are invariant 
within species, genera, and subfamilies with the exception of Centrolene where both 
states vary across species, and 2) all species that lack prolonged attendance exhibit first-
night female care (Fig. 2.4, Table 2.1).  
 All reconstruction methods supported that male-only care evolved independently 
from female care 2–3 times in the Centrolenidae (Fig. 2.4, and S. Figure. 1 in Delia et al. 
2017). Parsimony reconstructions recovered a root state of female care in 97.7% of the 
1,000 trees used in analyses (23 trees with an equivocal root state), with male care 
repeatedly derived within the Hyalinobatrachinae and Centrolene. Across all 1,000 trees, 
ML, stochastic character mapping, and full Bayesian inference found a higher probability 
for a root state of female care (node probability ≥ 83%, see Fig. 2.4 inset). Bayesian 
inference comparing a fixed MRCA with female vs. male care found positive evidence 
for a state of female care using the dataset of 39 species (logBF = 3.2, marginal 
likelihood: female = -11.64, male = -13.25). Analyses of the full family dataset, where 
species with unknown states were assigned an equal probability of having three states 
(female, male, or no care), found stronger evidence for a MRCA with female care (logBF 
= 3.7, marginal likelihood: female = -12.55, male = -14.4). The probability for a root state 
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of female care increased when analyzing the full family dataset using stochastic character 
mapping (from 83.2% for 39 spp., to 91% for the full family; Fig 2.4). Nested LRT 
comparing fossil nodes using ML for the 39 species found significant support for a 
female caring ancestor in only 276 of 1000 trees (P = 0.062 ± 0.07). However, assigning 
all unknown species the same state sampled from their genus increased the marginal 
probability to 92%, with fossil node comparisons significantly supporting a female caring 
root state in 949 of 1,000 trees (P = 0.03 ± 0.01). 
Parsimony analysis reconstructed a root state of prolonged care in 100% of the 
1,000 trees, whereas ML, stochastic character mapping, and full Bayesian inference 
recovered lower probability for this state (72.5–77.4%) using the dataset of 48 spp. (S. 
Fig. 3). The proportional probability for this root state increased when analyzing the full 
family dataset using the empirical Bayesian method (87%; Fig 2.4, S. Fig. 2 in Delia et 
al. 2017), and stayed roughly the same using rjMCMC (fossil node comparisons logBF < 
2). Fossil node comparisons using ML did not find a significant relationship for any of 
the 1,000 trees using the dataset of 48 species (P = 0.13); assigning all unknown species 
the state sampled from their genus increased the probability to 89%, with fossil node 
comparisons significantly supporting a root state of prolonged care in 650 of 1000 trees 
(P = 0.048 ± 0.02). 
Analyses of correlated traits found a strong association between changes in 
parental expenditure and transitions between caring sexes. Both ML and Bayesian 
analyses of discrete states found that the correlated model of evolution provided better fit 
than the independent model across all 1,000 trees (ML: log-likelihood difference = 16.03 
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± 0.7, P = 0.003 ± 0.0009; rjMCMC: logBF = 10.08, n spp = 39). PGLS found a 
significant relationship between caring sex and parental expenditure across all trees, with 
males devoting more time to egg care than females (β = 0.23 ± 0.01, t = 7.29 ± 0.42, P < 
0.00001 ± < 0.00001, n spp = 15; Fig. 2.5). Estimated λ across models/trees averaged 
0.38 ± 0.04. Males attended eggs past hatching competence, on average for 135% (± 11, 
n = 7 spp.) of the obligate embryonic period, whereas females attended eggs on average 
for 18% (± 8, n = 8) of this period.    
 
DISCUSSION 
Parental care in glassfrogs was previously considered to be rare and mostly provided by 
males. Our field observations of 40 species (~27 % of the family) found that care occurs 
throughout Centrolenidae, and that caregiving sex and durations change across lineages. 
Functional analyses in Cochranella granulosa and Teratohyla pulverata confirm that 
first-night brooding is a true form of post-zygotic maternal care (sensu Clutton-Brock, 
1991; Smiseth et al., 2012). First-night brooding typically occurs between 00:00–05:00 h, 
which may explain why maternal care was previously underestimated. In fact, we 
detected egg brooding in every species for which we observed oviposition, including 8 
species previously reported to lack parental care. Therefore, a lack of care is either rare or 
non-existent in glassfrogs. We also found female-only care in a species previously 
reported to exhibit male care (Centrolene lynchi, Dautel et al., 2011). Including first-
night care in phylogenetic analyses found a high probability that uniparental male care 
evolved 2–3 times from uniparental female care. Moreover, this change was associated 
	  	  
33 
with prolongation of care periods, such that males provide higher levels of care than do 
females—a pattern predicted by the hypothesis that constraints on maternal expenditure 
favor the evolution of male care.  
 
Function of First-Night Maternal Care 
Although female care in C. granulosa and T. pulverata is brief, it is critical to offspring 
survival. First-night brooding reduced embryo mortality from dehydration in 
C. granulosa, and dehydration, predation, and fungal infection in T. pulverata. Egg 
hydration and guarding are common functions of prolonged egg-attendance in other 
glassfrogs and in many other families of frogs (reviewed by Wells, 2007 in addition to: 
Vockenhuber et al., 2009; Delia et al., 2013; Poo & Bickford, 2013; Lehtinen et al., 
2014; Bravo Valencia & Delia, 2016; Consolmagno et al., 2016). Just a few hours of 
brooding provided embryos with days of protection from predation by katydids, which 
were largely unable to extract embryos from clutches that were brooded 1–2 nights 
earlier. Clutches of both species hydrate further with rainfall, swelling into globular 
masses resistant to dehydration and predation (JD and LB unpublished). Nonetheless, 
several days often pass between storms (Touchon & Warkentin, 2009), making first-night 
hydration crucial for embryos to survive an initial dry period. Consistent with the 
importance of care for embryo survival, our behavioral assay found that mothers are 
committed to egg-care and show higher tolerance of disturbance during brooding. This 
increased tolerance may increase females’ risk of injury or predation during care, since 
katydids and snakes prey on both eggs and adult glassfrogs (Fig. 2.2, pers. obs.). 
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Evolution of Egg Hydration in Terrestrial-Breeding Frogs 
Egg-hydration behaviors during oviposition are widespread among terrestrial-breeding 
frogs. For example, in some phyllomedusine, hyperoliid, and rhacophorid frogs, females 
hydrate in pools before oviposition and then lay well-hydrated clutches (reviewed by 
Wells, 2007). While these oviposition behaviors likely function to improve the survival 
of terrestrial embryos (e.g., Pyburn, 1970; Banerjee, 2014), they are rarely considered in 
the context of parental care evolution. Incorporating this diversity in comparative 
analyses may help clarify pathways leading to more complex parental behaviors. We 
found that, at a minimum, all studied glassfrogs brood fertilized clutches after 
oviposition. Evolutionary changes in care thus involve adjustments in the period over 
which brooding is performed, as well as changes in non-brooding attendance. 
Interestingly, egg brooding appears to incorporate osmoregulation mechanisms 
characteristic of terrestrial frogs. All frogs rely on their skin to regulate water-balance, 
using their pelvic patch (a highly vascularized region of ventral skin), kidneys, and 
urinary bladder to cutaneously ‘drink’ environmental water when dehydrated (Uchiyama 
& Konno, 2006). This water-absorption response involves distinct behaviors to locate and 
take up moisture from substrates into the urinary bladder (Stille, 1958; Hillyard et al., 
1998). These behaviors can be triggered by changes in hydration state, and terrestrial 
species exhibit remarkable sensitivity to substrate moisture content (Brekke et al., 1991; 
Hillyard et al., 1998). During bouts of egg brooding we observed parents to locate dew 
on leaves, absorb it into a bladder using their pelvic patch, and then transport it to eggs. 
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Furthermore, nightly brooding levels in Hyalinobatrachium fleischmanni are closely tied 
to egg-dehydration (Delia et al., 2013). Since dehydration triggers a water-absorption 
response, this mechanism could be co-opted in an offspring-associated context. Egg 
brooding is among the most common and widespread form of parental care in amphibians 
(Wells, 2007). Moreover, this behavior is functionally similar across independent origins 
of male and female care (e.g., Bickford, 2004; Lehtinen et al., 2014; Poo & Bickford, 
2013; Bravo Valencia & Delia 2016; Consolmagno et al., 2016), suggesting a lack of 
sex-specific physiological constraints. The origin and elaboration of egg brooding might 
be relatively simple, via modifications of the preexisting osmoregulation system.  
 
Pattern of Parental Care in Glassfrogs  
Our analyses reject the hypothesis that male care evolved from no care and support 2–3 
transitions from uniparental female to male care (across reconstruction methods and 
phylogenies). We also found evidence that extended male care evolved from shorter 
durations of female care, indicated by an association of increased parental expenditure 
with transitions to male care (across analyses and phylogenies). Nonetheless, our results 
should be interpreted with caution, as the small number of transitions (2–3) limits pattern-
based inference and variety of factors can influence the accuracy of ancestral state 
reconstructions (e.g., Cunningham et al., 1998; Mooers, 2004; Losos, 2011). Our 
analyses included parental care data for 32% of the family (observed + literature data). 
While limited taxon sampling can mislead estimates of ancestral phenotypes (Salisbury & 
Kim, 2001), an accurate representation of state distribution along a phylogeny may affect 
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reconstruction accuracy more than increased sampling per se (Li et al., 2008). We tried to 
sample evenly across the phylogeny and gathered information on 11 of 12 genera. 
Importantly, we found only a few changes in care, with states essentially invariant across 
genera and entire subfamilies (the genus Centrolene is the only exception). Assigning 
species with unknown care states an equal prior probability of exhibiting each state 
actually increased Bayesian support for a MRCA with female care. Support from ML 
analyses increased when assigning all unknown species the same state sampled from their 
genus (i.e., tip states predicted from the empirical Bayesian method). Regardless of 
ancestral states, males exhibit longer care periods than females, and prolonged care 
evolved more often among, and is far more common in, males. Of course, hypotheses 
may change as more data become available.  
Estimates of ancestral care duration in the MRCA of glassfrogs were less 
congruent across methods. Parsimony analyses predicted a root state of prolonged care 
across all 1,000 phylogenies, whereas the other methods were equivocal. Incorporating 
species with unknown states did increase the probability of a prolonged caring MRCA 
estimated with the empirical Bayesian method (results from the rjMCMC method were 
the same for both datasets), as did ML analyses where all unknown species were assigned 
the same state confirmed in congeneric species. Information on the sister family, 
Allophrynidae, could help improve reconstructions. These enigmatic frogs breed 
explosively just a few nights a year and very little is known about their natural history. 
Explosive breeding frogs rarely exhibit prolonged parental care (Wells, 2007). However, 
Allophyrne ruthveni are reported to have arboreal oviposition (Lescure & Marty, 2000)—
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although this needs to be confirmed—which could be associated with egg-hydration 
behaviors during oviposition.  
 
The Evolution of Extended and Male-Only Care  
We found that the evolutionary pathway to extended care in glassfrogs is associated with 
transitions to male care, not prolongations of ancestral female care. Although there were 
only a few transitions, this pattern indicates that fathers (not mothers) respond when 
offspring benefit from extensive care. Across taxa, females tend to compensate for 
increased offspring need more than do males (Møller & Birkhead, 1993; Goodwin et al., 
1998; Reynolds et al., 2002; Gonzalez-Voyer et al., 2008; Brown et al., 2010; Gilbert & 
Manica, 2015). For example, in poison frogs 3–4 transitions from male-only to female 
care are associated with ecologically driven changes in offspring dependency (Summers 
& McKeon, 2004; Brown et al. 2010). We found essentially the opposite pattern, which 
is consistent with the hypothesis that limits on maternal expenditure favored transitions to 
male-only care. Energetic constraints on female fecundity have been argued to explain 
male-only care in arthropods, anamniotes, and amniotes (Williams, 1975; Wells, 1981; 
Gross & Sargent, 1985; Tallamy, 2000; Varricchio et al., 2008; Stockley & Hobson, 
2016). In insects and anamniotes, however, male care most often evolved from no care 
(Goodwin et al., 1998; Reynolds et al., 2002; Mank et al., 2005; Gilbert & Manica, 
2015). Hypothetically, an energy-allocation conflict between current and future clutches 
could constrain maternal expenditure in glassfrogs. Both sexes can reproduce multiple 
times during a breeding season (Mangold et al., 2015; J. Delia unpublished). Ikakogi 
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tayrona is the only glassfrog known to provide prolonged female care, and the presence 
of immature ova in caring females suggests they lay multiple clutches per season (Fig. 
2.4; Bravo Valencia & Delia, 2016). Furthermore, I. tayrona typically abandon embryos 
before hatching competence, whereas male Hyalinobatrachium and Centrolene provide 
care well past hatching competence (Fig. 2.5).  
Fecundity constraints could favor male-only care in two general ways. First, if 
reproductive rates were ancestrally constrained by prolonged female care, transitions to 
male care could have enhanced female fecundity and improved mating rates for both 
sexes. We did find higher support for an overall reduction in ancestral maternal 
expenditure (i.e., transitions from prolonged female to either male or brief female care). 
Consistent with the idea that prolonged female care might constrain reproduction, nightly 
mating opportunities of male Ikakogi were limited and male combat was intense during 
our study (Bravo-Valencia & Delia, 2016; unpublished). In contrast, a study in a 
Hyalinobatrachium with male-only care found high levels of sequential polyandry and 
low reproductive skew among males (Mangold et al., 2015). Second, natural selection 
could favor transitions if extending care is more costly for females. The root state of care 
duration was not well resolved. Therefore, it is possible that prolonged care evolved 
independently from brief female care in each sex. While extending female care is 
probably costly, a transition from brief female to extended male care might have had little 
effect on female fecundity. Nonetheless, even brief care could limit future fecundity and 
associated mating rates if risk-tolerant mothers experience higher mortality than non-
caring females (Kokko & Jennions, 2008). 
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While we found a pattern supporting constraints on maternal expenditure, it does 
not exclude the role of territoriality and overlapping broods in further reducing the costs 
to males. Caring does not preclude re-mating in Hyalinobatrachium and some Centrolene 
(McDiarmid, 1978; Fig. 2.6C). If embryos benefit from additional care after mothers 
leave, territorial fathers continue to be present and could gain by providing it. Rather than 
males directly taking over care, transitions in glassfrogs might have occurred via a state 
of sequential biparental care. In our observations of Centrolene with male care, females 
moved back onto clutches after fertilization—as in first-night maternal care—but they did 
not transfer water to clutches (Fig. 2.6). While it is possible this behavior serves some 
undetected function (i.e., asymmetrical biparental care), it seems plausible that maternal 
‘pseudobrooding’ represents a vestigial behavior that became nonfunctional once males 
joined in care. If this historical sequence is correct, male care may have originated as a 
sequential extension of first-night female care, at least in Centrolene.  
Male care in glassfrogs appears elaborate, as care continues well after embryos 
are competent to hatch (Fig. 2.5). It is possible that subsequent sexual selection prolonged 
care further after it evolved, via female preferences for paternal males or the outcome of 
enhancing fecundity in current broods. In mammals, for example, litter size increased 
following the evolution of male care, which presumably improved the benefits of care for 
males (Stockley & Hobson, 2016). In glassfrogs, caring past hatching competence 
enables embryos to extend development in ovo, which may improve offspring survival 
(Delia et al., 2014; Bravo Valencia & Delia, 2016). Thus, natural selection could also 
elaborate care. If prolonged female care is limited, transitions to males might promote co-
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evolutionary extensions of care and embryonic periods. This interaction could set the 
stage for sexual selection to further elaborate care. While it seems likely that multiple 
factors have combined to affect evolutionary changes glassfrog parental care, evaluating 
such mechanisms will require comparative experiments. 
 
Conclusions 
The lack of a sex bias in parental care among frogs offers unique prospects for testing 
evolutionary hypotheses of sex-role divergence. Despite this, large-scale analyses are still 
limited by a lack of natural history information. There are many under-studied families of 
amphibians, with growing evidence indicating that care patterns are more diverse than 
currently appreciated (e.g., Reinhard et al., 2013; Banerjee, 2014; Gururaja et al., 2014; 
Iskandar et al., 2014). Basic natural history is key to uncovering this diversity, as well as 
developing opportunities to test important hypotheses of parental care evolution.  
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Table 2.1. Field observations of parental care.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Species N  ovi. Sex
N 
measur
ed
Time on 
clutch 
(min)
Thickness 
increase 
(mm)
Present/ 
sex
N 
clutche
s N days Reference
Centrolene 
antioquiense 0 – 0 – – M 5 3 this work
Centrolene 
bacatum 0 – 0 – – no 4 3 this work
Centrolene ballux 0 – 0 – – no 4 3 this work
4 F 3
214–280, 
244.33 ± 1
8.8
3.5–4, 
3.81 ± 0.16 no 19 5
M 0 –
2 F 2 20–30, 25 ± 5 0 M 17 4
M 150–180, 165 ± 15 
1.5–2, 
1.75 ± 0.25 
0 – 0 – – M several weeks
2 F 1 ~ 60 NA no 15 several
M no –
Centrolene hybrida 0 – 0 – – no 3 2 this work
2 F 0 yes yesa no 10 10
M no no
8 F 3 15–40, 25 ± 7.63 0 M 20 12
M
180–350, 
286.66 ± 5
3.64 
1.5–3, 
2.2 ± 0.44  
2 F 0 yes – M 5 3
M yes (after female) –
9 F 4
10–70, 
38.75 ± 12.
64 
0–0.5, 
0.12 ± 0.12 M 31 16
M
330–350, 
338.75 ± 4.
27 
1.5–2, 
1.75 ± 0.14
4
Chimerella 
corleone 0 – 0 – – no 3 3 this work
3 F 3 67–90, 81.7 ± 7.4  
3–3.5, 
3.27 ± 0.14  no 5 3
M 0
Cochranella 
erminea 0 – 0 – – no 3 3 this work
1 F 1 138 3 no 7 3
M 0
84 F 14
90–170, 
121.9 ± 7.2
7   
2–5, 
3.31 ± 0.23   no 15 9
M 0
Cadle & 
McDiarmid, 1990
Cochranella 
euknemos
Cochranella 
granulosa
Centrolene lynchi2
Centrolene 
peristictum
Centrolene savagei
Centrolene aff . 
savagei3
Chimerella 
mariaelenae
First-night behavior Prolonged attendance
this work; Cardozo-
Urdaneta & Señaris, 
2012
Lynch et al., 1983; 
Grant et al., 1998; 
T. Grant pers. com
this work; Vargas-
Salinas  et al. , 2007; 
2014
Centrolene 
buckleyi
Centrolene 
daidaleum1
Centrolene 
geckoideum
Centrolene 
hesperium
this work
this work
Time spent brooding and associated changes in clutch thickness are range, mean ± SE
this work
this work
this work
this work
this work
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Cochranella 
guayasamini 0 – 0 – – no 10 4 this work
1 F 1 110 4 no 1 2
M 0
Espadarana andina 0 – 0 – – no 12 ~ 8 Cabanzo-Olarte et al., 2013
1 F 0 yes yesa no 4 4 this work
M 0
7 F 2 80–97, 88.5 ± 8.5  
2–2.5, 
2.25 ± 0.25 no 15 8
0
4 F 4
110–150, 
132.5 ± 9.2
4 
3.5–4, 
3.75 ± 0.14
4 
no 10 10
M 0
Nymphargus 
griffithsi 1 F 1 90 yes
a no 3 3
M 0
2 F 2 120–133, 126.5 ± 6.5 
3.5–4, 
3.75 ± 0.25 no 11 4
M 0
Nymphargus 
ignotus4 0 – 0 – – no 40 14
Restrepo & Naranjo, 
1999
Nymphargus wileyi 0 – 0 – – no 3 3 this work
2 F 1 60 2 no 5 4
M 0
Sachatamia 
punctulata 0 – 0 – – no 4 3 this work
2 F 2 57–62 2.5n 1 no 7 5
M 0 – no
80 F 14 75–120, 102 ± 5.3  
2–4, 
3.1 ± 0.15 no 10 9
M
10 F 4 58–81, 69.25 ± 5.3 
2–3.5, 
2.5 ± 0.2 no 20 9
M 0
Vitreorana aff. 
eurygnatha5 0 – 0 – – no 32 ~ 16 Gouveia et al., 2012
1 F 1 80 3.5 no 5 3
M 0
Celsiella 
vozmedianoi 0 – 0 – – M 1 1 obs.
Señaris & 
Ayarzagüena, 2005
1 F 0 0 M 5 2
M yes yesa
1 F 0 0 M 5 4
M yes yesa
30 F 7 0 M 15 9
M 0 yes* 1.5–4.5, 3.14 ± 0.42 
Hyalinobatrachium 
aureoguttatum
Hyalinobatrachium 
chirripoi
Hyalinobatrachium 
colymbiphyllum*
Nymphargus 
grandisonae
Nymphargus 
lasgralarias
Sachatamia 
albomaculata
Teratohyla 
pulverata
Cochranella 
resplendens
Espadarana audax
Espadarana 
prosoblepon
this work; Valencia-
Aguilar et al., 2012
this work
this work
this work; Jacobson, 
1985
this work
this work; 
McDiarmid, 1978
Vitreorana 
oyampiensis this work
Teratohyla midas this work; Diaz-Ricaurte et al., 2016
this work
this work
this work
this work
this workTeratohyla spinosa
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40 F 3 0 M 20 9
M
67–87, 
77.33 ± 5.7
8 
3.5–4, 
3.83 ± 0.17 
30 F 10./6 0 M 33 34
M 50–81 (6), 64.5 ± 5.01  
3.5–5.5, 
4.25 ± 0.58  
0 F 0 – – M 3 2
M
1 F 0 0 M 26 6.2
M yes yesa
0 F 0 – – M 101 NA
M – –
3 F 3 0 M 5 4
M yes 1.5–4, 2.5 ± 0.76 
2 F 3 0 M 5 3
M yes yesa
1 F 1 0 M 3 2
M yes 1.5–5.5
6 F 2 0 M 4 3
M yes 3.5–4, 3.75 ± 0.25
0 – 0 – – M 3 2
3 F 0 yes yesa F 21 11
M 0
Ikakogi tayrona
Hyalinobatrachium 
orientale
Hyalinobatrachium 
pallidum
Hyalinobatrachium 
pellucidum*
Hyalinobatrachium 
sp. 
Hyalinobatrachium 
talamancae
Hyalinobatrachium 
fleischmanni                                     
Panama
Hyalinobatrachium 
fleischmanni6 
Mexico
this work; 
McDiarmid, 1978; 
Vockenhuber et al., 
2008, 2009
Cardozo-Urdaneta 
& Señaris, 2012
this work; Bravo 
Valenica & Delia, 
2016
Hyalinobatrachium 
vireovittatum Hayes 1991
this work
this work
this work; Greer & 
Wells, 1980. In 
Costa Rica: Hayes 
1991; Jacobson, 
1985
this work; Delia et 
al., 2013
Lehtinen et al., 
2014
this work
Hyalinobatrachium 
valerioi*
Hyalinobatrachium 
mondolfii this work
1  We studied a population from Huila, Colombia, within the Colombian Massif. Sequence data are not yet published for 
this population, but preliminary analyses suggest that this population may correspond to Centrolene solitaria (Ruíz & 
Lynch, 1991)—a species only known from the type locality just north of the massif in the Cordillera Oriental of 
Caquetá—or an undescribed species (M. Rada pers. comm). Cardozo-Urdaneta & Señaris (2012) provide observations of 
male care in populations of Ce. daidaleum  from Venezuela.                                                                                                    
2  Dautel et al., (2011) reported the presence of prolonged male care in Ce. lynchi . We did not detect prolonged care, 
despite more rigorous sampling along this same transect. 
3  The sequences from this population were published by Twomey  et al., 2014. However, there was confusion over 
specimen numbers and associated locality information. Correct local: stream near Vda. Yarumal, Mpio. Pueblo Rico, 
Risaralda, Colombia; Collected and sequenced by M. Rada, specimen # MAR 2071 (correct number). 
4  N. ignotus was not included in our phylogenetic analyses, since sequence data have not been published to date. 
However, morphological analyses (Cisneros-Heredia & McDiarmid, 2007) and an unpublished molecular phylogeny (M. 
Rada) found that this species is well supported as a member of the genus Nymphargus .
5  We coded published information for this population (Gouveia et al., 2012) as V. eurygnatha in phylogenetic analyses, 
since sequence data have not been published for this population. In addition to this species, observations by Zaracho 
(2014) for V. uranoscopa  confirm that prolonged care is likely absent in the genus Vitreorana . 
6 Mexican populations of H. fleischmanni  may be distinct (See S. Fig. 1 in Delia et al. 2017, Castroviejo-Fisher et al., 
2009), and possibly correspond to the synonym H. viridissima  (Taylor, 1942).
*  Brooding behavior was detected, but not timed since clutch hydration was measured just after oviposition and again on 
the following morning (on dry evenings).                                                                                                                                  
a  The clutch swelled visibly, but was not in a location where we could measure it.
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Table 2.2. Study sites 
  
  Country Department/ Province/State Locality   
 
Colombia Antioquia Guatape 
 
 
Colombia Antioquia Reserva Rio Claro 
 
 
Colombia Antioquia Pailania, San Francisco 
 
 
Colombia Boyaca Reserva Natural el Silencio, Garagoa 
 
 
Colombia Caldas Parque Nacional Selvas de Florencia 
 
 
Colombia Caldas Vereda El Aguila 
 
 
Colombia Cundinamarca Vereda Torca, near Bogota 
 
 
Colombia Huila Parque Arqueologico, San Agustin  
 
 
Colombia Magdelena 
Vedera La Tagua, Sierra Nevada de Santa 
Marta 
 
 
Colombia Risaralda Vereda Yarumal, Pueblo Rico 
 
 
Ecuador Esmeraldas Reserva Itapoa 
 
 
Ecuador Napo near Wawa Sumaco 
 
 
Ecuador Napo Yanayacu Biological station 
 
 
Ecuador Pichincha Reserva Las Gralarias  
 
 
Mexico Oaxaca 
near San Gabriel Mixtepec, Sierra de 
Miahuatlan 
 
 
Panama Bocas del Torro secondary stream of Rio Changuinola  
 
 
Panama Colon 
Rio Frijoles & la Seda, Parque Nacional 
Soberania 
 
 
Panama Panama Plantacion Rd, Parque Nacional Soberania 
 
 
Panama Panama Oeste Altos del Maria 
 
 
Peru Amazonas near the village of La Oliva 
 
 
Peru Loreto near Iquitos 
   Peru San Martín near the village of San Jose, Cainarachi valley   
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Table 2.3. Comparisons of mortality between removal treatments.  
   Spp. Source   χ2 p value   
 
C
. g
ra
nu
lo
sa
 
dehydration 
 
-10.9 0.0009 
 
 
predation 
 
-1.31 0.25 
 
 
fungus 
 
0.02 0.89 
 
 
devel. abnormalities 
 
-1.85 0.17 
 
 
rainstripped 
 
-
0.002 0.96 
 
 
unknown 
 
-1.8 0.18 
  
 
     
 
T.
 p
ul
ve
ra
ta
 
dehydration 
 
-
13.35 0.00025 
 
 
predation 
 
-9.52 0.002 
 
 
fungus 
 
-
13.72 0.0002 
 
 
devel. abnormalities 
 
-1.91 0.166 
 
 
rainstripped 
 
-0.9 0.341 
 
 
unknown 
 
-1.37 0.24 
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Figure 2.1 Functional analyses.  
(A) Effects of female removal on embryo survival and specific sources of mortality 
(mean ± SE); ** p < 0.005, *** p < 0.0005. (B) Katydid predation on paired brooded and 
non-brooded (removal) egg clutches (mean ± SE). (C) Proportion of females that fled at 
each level of intensifying disturbance, for females caring and not caring for eggs. 
Shading indicates disturbance level. 
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Figure 2.2. Katydid predators. 
Copiphora brevirostris is a common predator of adult glassfrogs and their eggs. (A and 
B) C. granulosa captured and partially consumed at an oviposition site (note eggs on leaf 
margin in A). (C) Field-monitored T. pulverata egg clutch. 
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Figure 2.3. Maximum clade credibility tree of the Centrolenidae 
MMC tree summarizing10,001 phylogenies from Bayesian analyses (mean branch 
lengths in units of substitutions/site). Only posterior probabilities ≥ 0.90 are presented 
(subtending nodes). Grey rectangles show species included in comparative analyses of 
parental care (our observations + literature). The subfamilies Hyalinobatrachinae (H) and 
Centroleninae (C) are indicated. Inset: cladogram of outgroup taxa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	  	  
51 
 
Figure 2.4. Ancestral state of parental care.  
Caring sex estimated for 48 species from 11 of 12 genera, solid tips are those with 
complete observations (39 spp.). Pie charts at key internal nodes show posterior 
probabilities summarized across 1,000 phylogenies from stochastic character mapping 
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(SCM) of the 39 spp. dataset. Branch colors summarize the results of parsimony analyses 
run on the full family tree; black dotted lines show the predicted caring sex in the 10 
sampled species that do not exhibit prolonged care, but are lacking observations of 
oviposition. Smaller pie charts on the tips show the predicted sex from SCM of the full 
family dataset (where species with unknown states were allowed to exhibit female, male, 
or no care). All species with female care exhibit first-night care, with the exception of I. 
tayrona. Grey inset: results of root state reconstructions across trees from different 
approaches. The upper set shows parsimony (P), rjMCMC Bayesian (BI), and maximum 
likelihood (ML) analyses of the 39 spp. dataset with the two observed states (male or 
female). The lower shows SCM and BI analyses of the full family dataset where 
unknown species were allowed to exhibit three states (see S. Fig. 1 in Delia et al. 2017 
for result plotted on the full tree), and ML where spp. with unknown caring sex were 
assigned the same state confirmed in congeneric taxa. Photo inset: examples of each care 
state detected. Note immature ova visible through the transparent venter of I. tayrona.  
 
	  	  
53 
 
Figure 2.5. Sex-specific levels of parental expenditure. 
 Measured as days devoted to care/obligate embryonic period (mean ± SE). Males of 
many species care for clutches past hatching competence. Care duration was not variable 
for species with first-night care, SE not available for H. orientale. 
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Figure 2.6. Sequential parental behavior in Centrolene with male care.  
Females briefly assume brooding posture on clutches prior to prolonged periods of male 
care. Ce. peristictum: (A-C) sequence of reproductive behavior (photos from multiple 
pairs). (A) After oviposition, females move back on clutches for brief periods (note 
immature ova visible through the semi-transparent dorsolateral skin). (B) Female moving 
off a clutch after brooding; females do not appear to hydrate clutches during this period 
(lower clutch in photo is ca. 24 h old and was brooded repeatedly by the male to attain 
hydration). (C) Males continue mating activity while providing prolonged care, up to 41 
days. Ce. aff. savagei: (D-F) Sequence in the same pair, with the female moving back on 
the clutch after oviposition (E) and the male continuing care (clutch is six days old) (F), 
up to a month. 
.
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CHAPTER 3: THE EVOLUTION OF EXTENDED PARENTAL CARE IN 
GLASSFROGS: EGG PHENOTYPES MEDIATE CO-EVOLUTIONARY 
DYNAMICS BETWEEN THE SEXES 
This chapter is in review: 
Delia J, Bravo-Valencia L, Warkentin J. The evolution of extended parental care in 
glassfrogs: egg-clutch phenotypes mediate coevolution between the sexes. Ecological 
Monographs. 
 
ABSTRACT 
Many animals perform a variety of parental behaviors that improve offspring survival. 
This diversity represents the outcome of co-evolutionary dynamics among family 
members, which are predicted to elaborate parental care over time. Egg attendance is a 
relatively simple yet widespread form of care, thought to evolve in response to harsh egg 
environments. However, few studies have considered whether interactions between the 
sexes promote complexity in egg attendance. We investigated the diversification of egg-
care among Neotropical glassfrogs, combining field observations (40 species) with 
comparative experiments (8 species) and phylogenetic comparative analyses (71 species). 
Egg care is likely ubiquitous among glassfrogs, with repeated transitions from brief 
female-only to extended male-only care. We test whether maternal changes to egg-clutch 
phenotypes—jelly coats and oviposition sites—influence embryo need, and whether these 
changes account for evolutionary elaborations in male care. Extensions in care might 
improve offspring fitness over brief care. However, comparisons of embryo mortality 
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support that prolonged care compensates for maternal changes to egg-clutch phenotypes 
that increase embryo risk (in eight species across transitions). Furthermore, removal 
experiments in four species confirm that repeated origins of prolonged male care are not 
associated with new types of embryo risk (in Centrolene and Hyalinobatrachium). 
Rather, clutch-hydration assays and comparative analyses indicate that maternal jelly-
contributions and oviposition site-choice mediate embryo susceptibility to the very same 
risks that maintain prolonged care. In support that males compensate for maternal 
changes to embryo need, we found that the evolution of prolonged and complex male 
care is always associated with more vulnerable clutch phenotypes (across transitions, 
species, phylogenies, and methods). This pattern supports that changes in pre-zygotic 
maternal contributions likely locked in and diversified paternal care behaviors, shifting 
parental investment from females to males over evolutionary time.   
 
INTRODUCTION 
Parental care behaviors can be strikingly diverse among closely related animals. In frogs 
for example, the extent of parental behavior can range from selecting suitable oviposition 
sites, to complex bi-parental care of highly dependent young (Howard 1978a, Brown et 
al. 2010). Explaining the evolutionary pathways leading to complex care can be difficult. 
This is because the conditions that initially favor the origin of parental care are often not 
the same as those that maintain and further elaborate parental behavior (Smesith et al. 
2012, Royle et al. 2016). The origin of care is largely driven by offspring mortality, and 
requires preexisting traits for selection to produce responsive parental phenotypes 
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(Tallamy 1984, Wilson 1975, Klug and Bonsall 2010, Klug et al. 2013). However, once 
some form of care evolves, coevolution among family members can influence the current 
expression and ultimate outcome of parental behaviors (Wolf et al. 1999, Alonzo 2010, 
Royal et al. 2014, Kölliker et al. 2005). In particular, the evolution of care is influenced 
by interactions between the sexes. This is because both parents share in the benefits of 
care, but they often differ in the relative costs of providing it (Trivers 1972, Houston et 
al. 2005). This can lead to antagonistic or mutually reinforcing selection, which can 
reduce care below optimal levels for offspring and partners (McNamara et al. 1999, 2003, 
Royle et al. 2002, Lessells and McNamara 2012), or conversely stabilize and even 
elaborate sex-specific care (Smith and Härdling 2000, McNamara and Wolf 2015, 
Stockley et al. 2016). Most empirical research on how interactions between the sexes 
influence care has focused on behavioral interactions in species with bi-parental care 
(reviewed by Houston et al. 2005 and Lessells 2012). More recently, Paquet and Smesith 
(2016) argued that maternal effects that alter offspring phenotypes could influence male 
care. Here, we examine whether pre-zygotic changes to egg clutches influence embryo 
need and the elaboration of male-only care in Neotropical glassfrogs. 
Parental attendance of eggs is a simple yet widespread form of post-zygotic care, 
having evolved numerous times among arthropods, fishes, amphibians, and amniotes 
(Gans 1996, Tallamy 2001, Mank et al. 2005, Wells 2007, Requena et al. 2014, Gilbert 
and Manica 2015). Egg attendance can involve distinct behaviors that ameliorate 
particular ecological and environmental risks for embryos (e.g., hypoxia, dehydration, 
temperature, predators, and pathogens; Smiseth et al. 2012). In many species, the 
	  	  
58 
frequency of attendance behaviors is responsive to variation in environmental conditions, 
such that parents actively buffer embryonic development from harsh conditions (Baeza 
and Fernández 2002, Green and McCormick 2005, Stahlschmidt and DeNardo 2010, 
Delia et al. 2013). Considering the known functions of these behaviors, the evolution of 
egg attendances appears to be largely driven by harsh embryo environments. However, in 
many species pre-zygotic contributions to eggs can also mediate offspring vulnerability 
to risk (Bernardo 1996, Williams 1994, Fox and Czesak 2000, Shu 2015), which in turn 
could alter selection on post-zygotic egg attendance.  
Changes in egg traits can influence parental care. A well-known example is the 
relationship between egg size and the quality of care, which are predicted to coevolve and 
increase over time (Shine 1978, Sargent et al. 1987, Nussbaum and Schultz 1989, 
Summers et al. 2006). Regardless of the initial order of change, larger eggs can take 
longer to develop and thus require longer care durations, while care reduces egg mortality 
below juvenile mortality favoring more time spent developing in the safety provided by 
parents (Shine 1978, Sargent et al. 1987, Nussbaum 1987, Nussbaum and Schultz 1989). 
Because eggs are maternally constructed, they present opportunities for maternal effects 
to influence male care. Paquet and Smiseth (2016) suggested that maternal effects of 
offspring phenotypes could allow females to manipulate caregiving males. In particular, 
they reviewed evidence for plastic changes in egg size, color, and components 
(hormones) as potential mechanisms that provide incentives for males to care and thus 
resolve sexual conflict over parental investment. Maternal contributions to eggs can 
benefit offspring fitness, but they are often costly for females to produce (Fox and Czesak 
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2000, Groothuis et al. 2005, Tyndale et al. 2008). If caring males are responsive to egg 
phenotypes, reducing egg contributions could redirect the costs of pre-zygotic investment 
by females to compensatory post-zygotic care by males (Paquet and Smiseth 2016, 2017). 
It is also possible that this process might mediate the evolution of uniparental care across 
taxa.  
Beyond the size and contents of ova, there is a range of maternal egg-traits that 
could influence embryo need for parental care. How eggs are packaged and where they 
are laid determine embryonic environments, mediating how selection acts on parents and 
offspring (Lee and Strathmann 1998, Resetarits 1996, West-Eberhard 2003, Podolsky 
2004). Animal eggs develop within extracellular structures of maternal origin called egg 
coats (Wong and Wessel 2005). In oviparous animals these egg coats often have 
specialized morphologies and physiological capacities that protect embryos (reviewed by 
Shu et al. 2015). Moreover, females often strategically lay eggs in suitable microhabitats 
that minimize risk and/or facilitate the transfer of environmental factors required for 
embryogenesis (Bernardo 1996). Across taxa, both egg coats and oviposition-site choice 
can function to protect embryos from the very same risks that favor egg attendance (e.g., 
hypoxia, dehydration, extreme temperatures, predators, and pathogens) (Refsnider and 
Janzen 2010, Smiseth et al. 2012, Méndez-Nárvaez et al. 2015, Shu et al. 2015). It is 
possible that changes in these egg-clutch phenotypes could alter embryo need for 
amounts or types of parental care. Furthermore, energy allocation to both egg coats and 
oviposition-site choice are key components of maternal investment (Perron 1981, 
Resetarits 1996, Lee and Strathmann 1998, Podolsky 2004), and could therefore impact 
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how parental investment coevolves between the sexes. Understanding whether changes in 
pre-zygotic contributions influence post-zygotic care might provide insight on 
evolutionary pathways leading to uniparental male care—a common care pattern among 
fishes, amphibians, and certain groups of arthropods with egg attendance (Beck 1998, 
Mank et al. 2005, Requena et al. 2014, Gilbert and Manica 2015).  
 Neotropical glassfrogs (Centrolenidae) are a useful group for studying the 
elaboration of egg-stage care. These frogs lay eggs on vegetation and rocks over streams, 
where embryos develop until hatching and continue larval development in the water 
(McDiarmid 1978, Kubicki 2007). Egg attendance involves 2 distinct behaviors to 
counter egg dehydration and predation. During egg brooding parents actively provision 
embryos with water by covering eggs with pelvic patch, whereas during egg guarding 
parents vigilantly protect embryos from predators (McDiarmid 1978, Vockenhuber et al. 
2008, Delia et al. 2013). Egg-stage care appears to be ubiquitous among glassfrogs, with 
major evolutionary changes involving the duration and kinds of attendance behaviors—
many species provide just a single night of egg brooding immediately after oviposition, 
while others repeatedly brood and often guard eggs during embryonic development (up to 
42 days in some species; see results). Brooding is the most widespread care behavior in 
the group, suggesting that egg hydration has repeatedly elaborated into more complex 
parenting (i.e., brooding plus guarding). Moreover, the evolution of prolonged care is 
associated with repeated transitions from brief female-only care to prolonged male-only 
care (Delia et al. 2017). Removal experiments in Hyalinobatrachium and Ikakogi indicate 
that prolonged attendance is maintained by the risk of egg dehydration and/or predation 
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(Vockenhuber et al. 2009, Delia et al. 2013, Lehtinen et al. 2014, Bravo Valencia and 
Delia 2016). Therefore, it seems plausible that prolonged care evolved due to increased 
risks for embryos, with the existence of each attendance behavior reflecting a history of 
specific types of mortality (i.e., dehydration and predation). However, it is also possible 
that attendance behaviors coevolved with changes in egg-clutch phenotypes that 
influence embryo need.  
Glassfrogs exhibit a diversity of egg-clutch structures differing in the maternal 
jelly-products surrounding the vitelline membranes (Cisneros-Heredia and McDiarmid 
2007; Guayasamin et al. 2009). This diversity ranges from simple clumps of eggs with 
only thin jelly capsules, to eggs embedded in jelly-rich structures (see Figure 1). It is 
possible that greater amounts of jelly increase a clutch’s potential to absorb and store 
water, providing a reservoir that protects embryos from dehydration and predators (Wells 
2007, Touchon and Warkentin 2009, 2010, Delia et al. 2017). If so, reductions in jelly 
could make embryos more dependent on prolonged care to cope with both evaporative 
water loss and predators. Glassfrogs also use a variety of arboreal and terrestrial 
substrates for oviposition, which might alter exposure to environmental water and 
influence embryo hydration-demands. In many species lacking prolonged care, females 
often lay on the upper surface and/or edges of leaves (Jacobson 1985, Hawley 2006, 
Cabanzo-Olarte et al. 2013), which could increase exposure to rainfall and facilitate 
hydration. In contrast, many species with prolonged care lay eggs on the lower surface of 
broad-leaf vegetation (e.g., Vockenhuber et al. 2008, Valencia-Aguilar et al. 2012, Bravo 
Valencia and Delia 2016), which can shield eggs from rainfall and makes embryos 
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dependent on parental care for hydration (Delia et al. 2013). We hypothesize that suites 
of maternal traits influence embryo need and the evolution of prolonged care.  
We integrate functional and historical analyses to examine the diversification of 
egg attendance among glassfrogs. We focus on the role of maternally produced egg 
clutches in influencing embryo need, asking whether changes in clutch phenotypes are 
associated with an elaboration of one night of care into weeks of attendance. We consider 
two hypotheses for how offspring fitness could favor evolutionary extensions in care: 
greater benefits vs. compensatory effects. First, prolonged care may have evolved due to 
greater benefits over brief care, and/or due to new kinds of embryo risk. Second, 
prolonged care may compensate for maternally produced changes in embryo need (i.e., 
more vulnerable clutch phenotypes). If prolonged care coevolves with maternal traits, 
extensions in care should compensate for increased morality due to vulnerable clutch 
phenotypes, with no net gain in survival over brief care. Alternatively, prolonged care 
could improve offspring survival over brief care.  
To test if prolonged male care is associated with new or different kinds of embryo 
risk, we conducted parent-removal experiments in four species from two independent 
origins of male care (in Centrolene and Hyalinobatrachium) and compared our results 
with the literature. We identified whether particular types of risk favor extensions in care 
duration by testing how care functions change over embryonic development in five 
species (from repeated origins of prolonged care in Centrolene, Ikakogi, and 
Hyalinobatrachium). To compare the relative benefits of prolonged vs. brief care in 
current environments, we conducted 22 months of fieldwork to monitor embryo mortality 
	  	  
63 
in eight species from 2–3 transitions in care level. Next, we evaluated whether maternal 
jelly-contributions mediate embryo hydration-demand, testing whether species with jelly-
rich clutches absorb more water and survive longer without re-hydration compared to 
those with simple clutches (five species). Based on these results we organize the 
structural diversity of glassfrog egg clutches into a coding scheme for the family. Finally, 
we test whether maternal changes to clutch phenotypes are associated with evolutionary 
changes in care duration, caring sex, and behavioral diversity across centrolenids. To 
compile information, we conducted field observations of 40 species from across the 
phylogeny, and gathered additional information from the literature to include all 12 
glassfrog genera (71 species total, ~ 47 % of the family). Using this dataset, we test 
whether changes in egg-clutch phenotypes are associated with the evolution of complex 
male care. We discuss the implications of our results for the role of egg-clutch traits in 
mediating the coevolution of parental investment between sexes in species with 
uniparental care.  
 
METHODS 
General methods and study sites – We conducted extensive field research on 8 focal 
species to monitor daily rates of embryo mortality and development (according to Gosner 
1960). We also gathered new natural history information on egg-clutch structure and 
oviposition-site use in 40 species during research trips to 22 sites across Mexico, Panama, 
Colombia, Ecuador, and Peru (2010–2016; sites listed Table 2.2). Of the eight focal 
species, five co-occurred along Rio Frijoles in Parque Nacional Soberania in Panama; 
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Cochranella granulosa, Hyalinobatrachium colymbiphyllum, H. fleischmanni, Teratohyla 
pulverata, and T. spinosa. This site is ~ 80 meters above sea level in lowland moist 
forest. Previously, we conducted research on a population of H. fleischmanni from a drier 
site in Oaxaca, Mexico (Delia et al. 2013, 2014); this population likely represents a 
distinct species from Panamanian H. fleischmanni (Taylor, 1942; Castroviejo-Fisher et 
al., 2009). The three additional species were each studied at separate sites in South 
America. Research on Ikakogi tayrona was conducted along a cloud forest stream near 
the village of La Tagua at ~1,580 m in the Sierra Nevada de Santa Marta of Colombia. 
We studied Centrolene aff. savagei along cloudforest streams at ~1,600 m on the Pacific 
slope of the Cordillera Occidental of the Andes near Pueblo Rico, Risaralda, Colombia. 
This population has been previously misidentified as a species of Cochranella (Jaramillo-
Martinez et al. 2015). However, molecular phylogenetic analyses support a relationship 
within the Centrolene savagei complex (Twomey et al. 2014, Delia et al. 2017, M. Rada 
unpublished). Research on Centrolene peristictum was conducted at Reserva Las 
Gralarias along a cloudforest stream, Lucy’s creek, at ~1,850 m on the Pacific slope of 
the Cordillera Occidental in Pichincha, Ecuador.  
 
Male removal experiments – To test whether and how embryos benefit from prolonged 
male care, we removed males from their egg clutches and compared embryo survival to 
control clutches that received care. Male-removal experiments were conducted in the 
field for four species from two origins of male care (within Hyalinobatrachium and 
Centrolene): Centrolene aff. savagei (Colombia), C. peristictum (Ecuador), 
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Hyalinobatrachium colymbiphyllum, and H. fleischmanni (Panama). We marked and then 
monitored male territories for mating activity along stream transects. Newly deposited 
clutches were randomly assigned to a control or removal treatment (C. aff. savagei n = 32 
and 25, C. peristictum n = 28 and 27, H. colymbiphyllum n = 33 and 34, H. fleischmanni 
n = 32 and 27, respectively). Clutch size did not differ between treatments within species: 
C. aff. savagei = 25.87 ± (SD) 4.48 eggs (t-test: t54.77 = -1.28, p = 0.2, n = 57 clutches), 
C. peristictum = 21.67 ± 2.97 (t50.33 = -0.71, p = 0.47, n = 55), H. colymbiphyllum  = 
79.2 ±  11.93 (t63.27 = -1.33, p = 0.18, n = 67), and H. fleischmanni = 27.1 ± 4.71 (t56.88 
= 0.2, p = 0.83, n = 59).  
To evaluate whether the function of male care changes during development, we 
removed fathers at different developmental stages between 0–18/19 (Gosner 1960), 0–5 
days past oviposition at the lowland site in Panama and 0–8 days at cooler montane sites. 
Removed males were released 500 m up or downstream from their clutch; these distances 
were important for some species, as one removed male C. aff. savagei returned to his 
clutch across a ~250 m section of deforested stream through a cattle pasture.  
We monitored hatching success and timing using small plastic cups attached beneath 
clutches with small-gauge wire (sensu Hayes 1983). Hatchlings were counted and 
released daily to quantify egg-stage survival, and we took daily photographs and made 
observations to identify sources of embryo mortality. These included dehydration, 
predation, fungal infection, fly larva infestation, developmental abnormalities (i.e., 
embryos that partially developed then died), and eggs removed from clutches by 
x
x x
x
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torrential rainfall (rain-stripped) and flooding (see Warkentin 2000 for detailed 
descriptions).  
 
Natural rates of embryo survival – We monitored natural rates and types of embryo 
mortality in eight species with different care durations, using methods described above. 
To determine the influence of weather on embryo mortality, we measured daily rainfall 
(to the nearest 0.5 mm) at each site using rain gauges positioned in clearings near study 
transects. In addition to the four species with prolonged male care (mentioned above), we 
collected data on one species with prolonged female care (Ikakogi tayrona) and three 
species with brief female care (Cochranella granulosa, Teratohyla pulverata, and T. 
spinosa). The three species with brief care co-occur along the same stream in Panama 
with both species of Hyalinobatrachium, which allowed us to compare the relative 
advantages of different durations of care under similar environmental conditions. Some 
clutches of C. granulosa and T. pulverata analyzed here are control clutches from a 
published removal experiment to evaluate the benefits of first-night female care (Delia et 
al. 2017); we include control clutches from that study in addition to new clutches 
monitored here. We also used our previously published data on clutch mortality from a 
removal experiment in Ikakogi tayrona (Bravo Valencia and Delia 2016), but here we 
present new data on rainfall and analyze its impact on these clutches’ survival. 
 
Egg hydration and dehydration trials – We measured egg-clutch hydration rate, 
capacity, and dehydration rate, for the five co-occurring species from Panama. These 
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species differ in care duration and egg-clutch structure. The two Hyalinobatrachium 
exhibit prolonged male care and structurally simple egg clutches that lack thick jelly 
coats external to the capsule. In contrast, C. granulosa and the two Teratohyla exhibit 
brief female care and clutches with eggs embedded in a common jelly-matrix around a 
core of eggless jelly; with rainfall these clutches swell into large gelatinous masses. We 
collected all clutches the morning following oviposition. Thus, all received one night of 
parental care; parents of these species establish similar levels of clutch hydration during 
this period (~ 4–5 mm gain in clutch thickness; see S. Table 1 in Delia et al. 2017). We 
measured hydration capacity for standardized samples of 10 eggs per clutch, with their 
immediately surrounding jelly (C. granulosa nclutches = 11, T. pulverata nclutches = 9, T. 
spinosa nclutches = 1, H. colymbiphyllum nclutches = 8, H. fleischmanni nclutches = 9). We 
placed each clutch subsample in a separate petri dish. Hydration rates were quantified by 
completely submerging eggs in aged tap water by filling the dish at set intervals, for a set 
period. We then removed all free water from the dishes and measured the mass of eggs 
plus jelly (to the nearest 0.05 g). These measurements were made every 10 min for the 
first hour, every 20 min for the second hour, every 30 min for the third hour, and once 
after the fourth hour (240 min).  Samples were then left submerged overnight—they did 
not gain significantly more water beyond the 4-h level (paired t test: t38 = -1.39, p = 0.17).  
We measured the amount of time until eggs died from dehydration by checking 
clutch subsets at 4–10 h intervals. Relative humidity (RH%) was measured at each check 
to account for variation in air moisture levels. Dehydration trials were conducted for two 
clutch treatments: the first started the morning eggs were collected, representing the 
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initial hydration state after one night of parental care; the second was for eggs at 
maximum hydration capacity, used the morning after the hydration-capacity experiment.  
 
Field observations and comparative dataset of parental and egg-clutch traits 
We collected new data on egg-clutch structure, oviposition-site use, and parental 
behavior for 40 species using our field observations and photographs from 22 sites across 
Mexico, Panama, Colombia, Ecuador, and Peru. Adding the literature and unpublished 
information (photographs from online databases and researchers), we gathered such 
information for 78 species total, 71 of which are present in our phylogeny; sample size 
varies depending on the dataset (this data will be available in S. Table 2 in Delia et al. in 
review—it is too large to format for the dissertation).  
Parental behavior – For information on care duration and caring sex we used the 
dataset generated by Delia et al. (2017), as well as new information gathered from the 
literature or unpublished observations (graciously provided by B. Kubicki, D. Paucar, M. 
Rada, and A. Valencia-Aguilar). To date, an absence of care has not been confirmed for 
any species of glassfrog; those that lack prolonged care exhibit a brief period of female 
care lasting a few hours after oviposition (Delia et al. 2017). However, there are fewer 
published observations confirming the presence of brief female care, as opposed to the 
absence of prolonged care. This is because brief care occurs for only a few hours after 
oviposition (typically between 00:00–05:00), whereas the absence of prolonged care can 
be confirmed without locating breeding pairs and often earlier in the evening (using 
repeated observations of clutches over several days). We obtained data on care duration 
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for 62 species total, 57 of which are present in our phylogeny; 42 of these species have 
information on caregiving sex (S. Table 2 in Delia et al. in review). From our fieldwork 
and the literature, we recorded the presence/absence of brooding and guarding behavior 
for 38 species; brooding was recorded when parents were seen in ventral contact with 
eggs and exhibited characteristic brooding movements, and guarding when parents 
remained next to or on top of eggs continuously over multiple nights (though guarding 
parents occasionally leave the oviposition site for brief periods).  
Egg-clutch structure – We define an egg capsule as the ovum/embryo and its’ 
surrounding capsule, which is comprised of the oocyte coat and associated perivitelline 
space; egg capsules also include relatively thin outer jelly coats (see results; Altig and 
McDiarmid 2007, Shu et al. 2015). However, for our analyses, we recorded the presence 
and extent of jelly coats that are external to the embryos’ egg capsules, as a considerable 
amount of water (external to the perivitelline chamber) is stored in these accessory jelly 
coats. We focused on the occurrence of three general types of accessory jelly structures 
that could be distinguished in field observations and/or photographs without microscopy 
(Figure 3.1); the jelly core, the jelly matrix, and empty egg-capsules. Jelly core – Females 
of most observed species provide the clutch with a base of jelly on which eggs are 
adhered. This core is not easily visible until there has been sufficient hydration from care, 
rain or both (see results, Figure 3.1). Jelly matrix – Some species provide the clutch with 
a common jelly matrix that swells in volume with hydration, within which egg capsules 
are embedded (Strathmann and Hess 1999, Altig and McDiarmid 2007). Our distinction 
between core and matrix refers to the region of the clutch where water is stored—
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between egg capsules and the substrate vs. among and over egg capsules, respectively. 
Empty egg-capsules – Females of some species of Centrolene and Nymphargus 
incorporate empty egg-capsules among their eggs. These capsules swell with hydration, 
but shrink later in development and under dry conditions. In addition to noting their 
presence, we counted the number of empty capsules from photographs to compare their 
relative abundance across care durations.  
The structural potential of a clutch is not always evident with a single 
observation; structural changes occur due to a combination of rainfall, water-storage 
capacity (jelly-coat contributions), parental behaviors (oviposition-site use, egg 
brooding), and embryo physiology (Taigen et al. 1984, Altig and McDiarmid 2007, Delia 
et al. 2013, Cohen et al. 2018; see Figure 3.1). To account for this, we made repeated 
observations of developmental changes in clutch structure for 40 species. Clutches of 15 
species were observed throughout embryonic development (oviposition until hatching), 
and the rest were observed for 3–15 days. We attempted to observe multiple clutches at 
different stages of development per species, under a wide range of environmental 
conditions. Using our observations and published and unpublished information for 
additional species (77 species total), we organize the structural diversity of clutches into a 
coding scheme for comparative analyses (S. Table 2 in Delia et al. in review).  
Oviposition sites – Glassfrogs are known to lay eggs on a variety of substrates 
over streams (briefly reviewed by Cisneros-Heredia and McDiarmid 2007; Guayasamin 
et al. 2009), including leaves, moss, branches, and rocks (Figure 3.1). Among leaf-site 
use, there is notable variation in terms of the surface (upper vs. lower), and use of the 
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margin (edges)—both of which likely influence exposure to rainfall. We gathered 
information on site use to calculate preferences for sites with exposure to rainfall using χ2 
tests (S. Table 2 in Delia et al. in review). Descriptions for many species are limited by 
small sample sizes, and/or lack the detail to determine whether species prefer or avoid 
leaf margins.  
 
Statistical analyses 
Statistical analyses were conducted in R version 3.3.3 (R Core Team 2017), and 
BayesTraits version 2 (Pagel et al. 2004). To test whether offspring benefit from male 
care, we compared the proportion of embryos that died between control and removal 
clutches for each species (separately) using generalized linear models (GLM) with an 
underlying beta-binomial error distribution and logit link function (package aod; Lesnoff 
and Lancelot 2012). These models permit comparisons between treatments while 
controlling for overdispersed, proportional estimates of clutch mortality. We identified 
the specific function(s) of male care by making comparisons for each source of mortality 
separately. In each species several control clutches were abandoned early in development 
(before stage 19) for unknown reasons. Therefore, we made comparisons using a dataset 
with all controls and another dataset where we removed abandoned controls (results for 
each are presented in Table 3.1). Overall fly larva infestations were rare; however when 
they occurred they were associated with secondary fungal infections (similar to that 
reported by Hayes 1991). It was often difficult to separate the actual cause of death for 
embryos after fly-larva predation occurred, so we grouped the two sources into one 
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category. In addition, eggs that were removed by torrential rainfall and by flooding were 
grouped into one category (rain-stripped eggs only occurred once, 5 embryos total, in H. 
fleischmanni). 
To identify particular sources of embryo mortality that might favor extensions in 
care, we modeled the influence of age at parental abandonment on specific embryo fates 
associated with detected care functions (overall mortality, dehydration, and predation) 
using beta-binomial GLMs. We measured the days until parental abandonment for both 
control and removal clutches, with all early abandoned controls included in these 
analyses. These analyses were conducted using 5 species from independent origins of 
prolonged care within Centrolene, Hyalinobatrachium, and Ikakogi. In addition to the 
species of Centrolene and Hyalinobatrachium studied here, we reanalyzed our previously 
published data for the only known glassfrog with prolonged female care, Ikakogi tayrona 
(Bravo Valencia and Delia 2016). Our published analysis was limited to the removal 
treatment. However, the removal treatment ended by 6 days past oviposition, whereas 
maternal care lasts up to 22 days in this population. Including control clutches in these 
analyses increases the range of stages at parental abandonment, and thus can provide 
insight on the function of extended care durations (i.e., past 6 days for this species). For 
all GLMs, P values were computed using likelihood ratio tests comparing increasingly 
simplified nested models.  
 
Comparative analyses  We tested whether the evolution of prolonged care is associated 
with a series of offspring/maternal traits using Bayesian mixed models in the package 
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MCMCglmm (Hadfield 2010). This approach allowed us to determine the influence of 
shared ancestry by comparing models without and with phylogenetic random effects; 
phylogenetic non-independence is removed by scaling random effects by the inverse 
variance–covariance distance matrix estimated from an ultrametric phylogeny (Hadfield 
and Nakagawa 2010). We used a maximum clade credibility (MCC) tree of the 
Centrolenidae generated by Delia et al. (2017) and pruned it corresponding to each 
dataset (clutch mortality N = 8, egg hydration N = 5 species). For each model we 
determined the number of iterations, burn-in, and thinning intervals for Markov chain 
Monte Carlo (MCMC) sampling by assessing the mixing of three chains visually, 
confirming that autocorrelation was sufficiently low between samples (> 0.05), and that 
effective sample sizes (ESS) were sufficiently high (≥ 1000). We also confirmed that 
MCMC chains passed the Heidelberger and Welch (1983) and the Gelman and Rubin’s 
(1992) convergence diagnostic test using the coda package (Plummer et al. 2006). 
Models were run for 3 million iterations, sampling every 1000th generation post burn-in 
of 200,000 iterations (unless noted). We used normal priors for all fixed effects (the 
default settings). For random effects, we compared the fit of inverse-gamma priors 
(V = 1, ν = 0.002, Hadfield 2017) and parameter-expanded priors (V = 1, ν = 1, alpha-µ = 
0, alpha-V =100; or half-Cauchy priors for proportional estimates V = 1, ν = 1, alpha-µ = 
0, alpha-V = 25^2; Gelman 2006) by using deviance information criterion (DIC); ΔDIC 
values ≥ 2 was taken to indicate a statistically better fit (Hadfield 2010, 2017). We also 
used DIC to compare models with and without phylogeny, and with species-level random 
effects. We confirmed results were not sensitive to the choice of prior by fitting multiple 
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models, and we note discrepancies between models with and without phylogeny. To 
assess the importance of fixed effects and their interactions, we determined whether 
parameter estimates of 95% credible intervals (CI) around posterior means (β)  overlap 0, 
the expected value of the null hypothesis that there is no statistical association between 
two variables (i.e., statistical support is indicated when CI excludes 0). MCMCglmm also 
calculates a PMCMC value (where PMCMC < 0.05 is taken as statistical support), which is 
twice the posterior probability that the estimate is above or below 0 (Hadfield 2010). We 
estimated the strength of phylogenetic signal by calculating phylogenetic heritability 
(H2), as the ratio of variance explain by the phylogeny to the sum of phylogenetic 
variance, species variance, and residual variance. H2 is equivalent to Pagel’s λ, where 1 is 
a very strong phylogenetic signal and 0 is no phylogenetic signal (Hadfield and 
Nakagawa 2010). 
Relative benefits of care durations – We compared the advantages of prolonged 
vs. brief care for embryo survival (care-duration effects) across eight species (nclutches = 
235); five from within repeated origins of prolonged care (in Centrolene, 
Hyalinobatrachium, and Ikakogi) and three with brief care (Cochranella and Teratohyla). 
Within these models, we tested whether the evolution of prolonged care buffers embryos 
from mortality associated with lack of rainfall (interaction effects). A series of 
preliminary analyses found that daily rainfall (and/or prolonged care) until the tailbud 
stage (stage 17, Gosner 1960) is crucial to embryo survival. We calculated the average 
daily rainfall occurring until stage 17 for each clutch and entered it as a covariate in the 
model; some clutches lacking rainfall data were excluded from this analysis. Sources and 
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rates of mortality might vary across sites, as our fieldwork was conducted in a range of 
habitats (i.e., humid lowland forests at ~80 m to wet cloud forests at ~1,850 m). We 
therefore analyzed a dataset of all eight species and compared those results to another 
limited to the five syntopic species from Panama, which were exposed to the same 
climate and community of predators (nclutches = 148). We modeled each of the following 
embryo fates separately: overall mortality, dehydration, and predation. To account for 
proportional estimates of clutch mortality, we used a binomial error structure with a logit 
link function (family ‘multinomial2’) and parameter-expanded priors with a residual 
variance structure of V = 1e-10, alpha-µ = -1 (as they provided a better fit than inverse-
gamma priors, ΔDIC = 1.97–2.67). Phylogenetic random effects did not improve model 
fit (ΔDIC ≤ 1.03) nor did we detect much phylogenetic signal in any of the 3 models (H2 
= 0.09–0.21).  
Egg-clutch hydration and dehydration – We tested whether hydration capacity 
and dehydration rates differ between species with jelly-rich vs. simple clutches of the five 
syntopic species from Panama. First, we modeled hydration curves over time between 
care types using a Gaussian error structure. In our experiment, hydration was initially 
rapid then slowed as mass approached an asymptote. We log-transformed time to 
linearize mass gain, which provided a better fit than using untransformed data (ΔDIC = 
431.42). Next, we modeled the amount of time until egg dehydration (death) between 
species with brief vs. prolonged care using a Gaussian error structure. We calculated the 
average relative humidity that each sample experienced during dehydration trials, and 
added it as a random effect in analyses. Dehydration analyses were conducted separately 
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for eggs that just received one night of parental care (initial hydration), and those at 
maximum hydration capacity (from the hydration trials). We used inverse-gamma priors 
for residual variances and random effects, as parameter-expanded priors did not improve 
model fit (ΔDIC ≤ 0.8). Phylogenetic random effects did not improve model fit (ΔDIC ≤ 
0.9) nor did we detect much phylogenetic signal in any hydration or dehydration rate 
model; they included only 5 species (H2 ≤ 0.22). Therefore, we report the results for 
models excluding phylogeny, but controlling for species-level random effects (and 
relative humidity for dehydration-rate models).  
Oviposition-site use – We compared oviposition-site use between care durations 
for 57 species (nclutches = 1,602), testing for differences in exposure to rainfall. We coded 
sites on the lower leaf surface, away from the margin, as sheltered. Those on the upper 
leaf surface, lower leaf margin, branches, and rocks were coded as exposed to rain. 
Clutches on lower leaf margins, while sheltered from direct impact of drops, are exposed 
to environmental water as rain collects along and drips off leaf edges during storms. To 
model the binary variable (sheltered vs. exposed), we initially used a binomial error 
distribution with a logit link (family “categorical”) with fixed residual variance structure; 
however, MCMC chains mixed poorly, even when using parameter-expanded priors 
(V = 1, ν =1, alpha-µ = 0, alpha-V = 1000). Therefore, we used a probit link (family 
“ordinal”) with fixed residual variance and χ2 priors (V = 1, ν = 1000, alpha-µ = 0, alpha-
V = 1), which have been shown to perform better when estimating heritability for binary 
traits (Villemereuil et al. 2013) and improved mixing in our chains. Models were run for 
6 million iterations, sampling every 2000th generation post burn-in of 500,000 iterations. 
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Including phylogenetic random effects improved model fit (ΔDIC = 2.7); results were the 
same for models that did not account for phylogeny.  
Empty-capsule clutches – Many species of Centrolene and Nymphargus ignotus 
incorporate empty-egg capsules into the clutch. We tested whether the relative abundance 
of empty capsules is associated with care duration for 13 species of Centrolene and 
Nymphargus, that lack a jelly matrix and/or large core; these included N. ignotus and all 
Centrolene in our dataset except four with a jelly matrix (C. buckleyi, C. aff.  buckleyi, C. 
sabini, and C. venezuelense) and two with large-core clutches (C. charapita and C. 
heloderma). We modeled the relative abundance of empty capsules per egg using a 
Gaussian error structure and inverse-gamma priors for random effects (ΔDIC with 
parameter-expanded priors = 0.06). Three of the 13 species are missing from our 
phylogeny (N. ignotus, C. petrophilum, and C. aff. solitaria). However, phylogenetic 
random effects did not improve model fit (ΔDIC = 1.4; phylogenetic signal: H2 = 0.19, CI 
= 0.001, 0.56). Therefore we ran two models, one with both species level and 
phylogenetic random effects for 10 species (nclutches  = 110), and another without 
phylogenetic effects for the 13 species (nclutches  = 123). 
Ancestral state reconstructions of prolonged care and clutch structure – We 
coded species for the discrete states of prolonged care as either present or absent. As 
mentioned, there are fewer published observations confirming the existence of brief care, 
as opposed to the absence of prolonged care. To include more species in our dataset, we 
focused on the presence or absence of prolonged care, as our goal was to determine 
whether changes in jelly coats are associated with extensions in care duration. Of the 57 
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species with data on prolonged care that occur in our phylogeny, caregiving sex has been 
confirmed in 42 (Delia et al. 2017, S. Table 2 in Delia et al. in review).  
We coded clutch structure as discrete traits based on a combination of the extent 
of the jelly core, presence of a jelly matrix, and relative abundance of empty egg-
capsules. Our analyses comparing the abundance of empty capsules found strong support 
for an association with care duration (see results); Centrolene with prolonged care exhibit 
fewer than one empty capsule per egg (average 0.11 ± 0.12, range = 0–0.57), while those 
lacking prolonged care have one or more empty capsules per egg (average = 2.7 ± 1.7, 
range =1–10.52). Based on this result and our descriptive observations (see Figure 3.1, 
and Supp. in Delia et al. in review for descriptive results), we defined four discrete clutch 
types for coding purposes (Figure 3.1): (I) simple clutches had no more than a small jelly 
core, no matrix, and <1 empty capsule per egg; (II) large-core clutches had a noticeably 
large jelly core with a hemispherical structure, but lacked a jelly matrix over eggs; 
(III) capsule-laden clutches contained ≥1 empty capsule per egg, and a small-to-large 
core; (IV) jelly-matrix clutches had both a large core and a jelly matrix surrounding eggs. 
We obtained data for 77 species total, 70 of which are present in our phylogeny (S. Table 
2 in Delia et al. in review).  
 We estimated the ancestral states of prolonged care and clutch structure using 
stochastic character mapping in the package phytools (Revell 2012). This empirical 
Bayesian approach estimates a fixed transition-rate matrix (Q) from the data using a 
hypothesized evolutionary model, then generates a stochastic character map by randomly 
sampling possible character histories in direct relation to their joint posterior probability 
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(Huelsenbeck et al. 2003; Yang 2006; Revell 2014). We used an equal-rate model (ER) 
of discrete-trait evolution, as a two-rate model did not provide a better fit, based on 1000 
likelihood searches on each tree in BayesTraitsV2 (prolonged care: log-likelihood 
difference = 1.09 ± 0.36, P = 0.31 ± 0.08 [mean ± sd]; clutch structure: log-likelihood 
difference = 2.22 ± 1.12, P = 0.19 ± 0.14). We used the dataset of 70 species for all 
analyses, however some species lacked data for certain characters (i.e., information about 
presence/absence of prolonged care was limited to 62 species). We assigned those with 
unknown states an uninformative prior probability of exhibiting all detected states in the 
dataset, which allowed us to simultaneously estimate the posterior probability of tip 
states. Character histories were mapped 100 times on each of the 1000 trees (100,000 
character maps total). These results were summarized to calculate the proportional 
probabilities for key nodes on the MCC tree; note that these key nodes occur in ≥ 97% of 
the 1000 trees (as well as the initial posterior distribution of 10,0001 generated by Delia 
et al. 2017, Chapter 2). 
Evolutionary associations of parental and clutch traits – We tested whether 
evolutionary changes in clutch structure are associated with transitions in care duration, 
care behavior, and caring sex using Maximum Likelihood and Bayesian analyses of 
discrete traits in BayesTraitV2. These analyses test for a correlation between two binary 
characters by comparing the fit of a model where both traits evolve independently to a 
dependent model of trait evolution (Pagel 2004). As these analyses require binary 
discrete traits, we collapsed the structural diversity of egg clutches into two functional 
states: small or large water reservoirs. Species coded with small reservoirs are those from 
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our simple clutches category (I), while those with large water reservoirs are from 
categories II–IV. This distinction corresponds to markedly different hydration capacity 
and time until dehydration for the five Panamanian species with simple vs. jelly-matrix 
clutches. For parental traits, we coded species as having either prolonged or not 
prolonged durations (N = 57), brooding or brooding/guarding behavior (N = 38), and 
male or female care (N = 42).  
For ML analyses, we conducted 1000 likelihood searches on each of the 1000 
phylogenies, and then tested model fit (dependent vs. independent) using nested LRT for 
each individual tree (with 4 degrees of freedom). We present ML results as averages 
across the set of trees, and note the number of trees with incongruent results. For 
Bayesian analyses we used a reverse-jump Markov chain Monte Carlo (rjMCMC) 
method, which samples a large number of possible evolutionary models in proportion to 
their posterior probabilities and integrates results across trees to account for phylogenetic 
uncertainty (Pagel & Meade, 2006). For each model we determined the number of 
iterations, burn-in, and thinning intervals for MCMC sampling by assessing the mixing of 
two chains visually, confirming autocorrelation was sufficiently low between samples (< 
0.05), and ensured that ESS were sufficiently high (>1000). For each model we ran two 
independent MCMC chains for 50 million generations, seeding the prior from an 
exponential hyperprior with a mean and variance in range of 0–10. Chains were sampled 
every 1000th generation, with the first 500,000 generations discarded as burn-in, and the 
rate deviation parameter (for appropriate acceptance rates) optimized automatically. We 
compared dependent vs. independent model fit by estimating the marginal likelihood for 
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each chain using stepping stones samples (100 samples, 10,000 iterations per sample), 
and then made inference using log Bayes Factors; models with logBF > 5 were 
considered strong support). 
RESULTS 
Male parental behavior – Based on our nightly visits to monitor embryo survival, we 
noted aspects of male care in the four species studied. Males of all four species brooded 
their eggs throughout development (see photos in Figure 3.2). Male Centrolene aff. 
savagei performed prolonged bouts of egg brooding, remaining on their clutch 
throughout night (and sometimes during the day) until abandonment. We only observed 
males of this species caring for one clutch at any point in time, and calling activity was 
rare during care periods. In the other three species, males cared for one or multiple 
clutches simultaneously, called during care periods, and brooding was infrequent. In 
Hyalinobatrachium fleischmanni and H. colymbiphyllum brooding typically occurred 
later in the evening, after 23:00, regardless of whether males were caring for single or 
multiple clutches. In Centrolene peristictum egg brooding was also infrequent, although 
fathers of single clutches remained in brooding contact for prolonged periods compared 
to fathers caring for multiple clutches. Except for H. fleischmanni, males of the other 
three species were consistently present at oviposition sites during the evening (and often 
during the day) until they terminated care. This behavior is typical of species that actively 
guard clutches from predators.  
 Males provided care for variable periods of time; care periods for control clutches 
in H. colymbiphyllum ranged from 4–18 days ( = 10.87 ± [sd] 3.52), H. fleischmanni 2–x
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16 ( = 9.45 ± 4.31), C. aff. savagei 2–32 ( = 15.8 ± 9.34), and in C. peristictum  3–43 
( = 23.07 ± 12.34). Hatching timing was also variable; in Panama both species reached 
hatching competence at about 7 days after oviposition; however, embryos could delay 
hatching until 19 and 20 days (H. colymbiphyllum and H. fleischmanni, respectively). 
Embryos of C. aff. savagei  and C. peristictum became hatching competent at 16–17 days 
and could delay until 34 and 42 days (respectively)  
 
Removal experiments – Removing fathers substantially increased embryo mortality in 
all four species (P < 0.01; Table 3.1, Figure 3.2). Mortality from dehydration, predation, 
or both occurred at significantly higher rates in removal clutches. We detected different 
care functions between the syntopic species of Hyalinobatrachium. Care reduced both 
predation and dehydration in H. colymbiphyllum, whereas it only reduced dehydration in 
H. fleischmanni. In addition, rates of dehydration-related mortality were lower for H. 
colymbiphyllum removal clutches compared to H. fleischmanni removals (χ2 = -18.58, P 
= 0.000016, N = 61), whereas H. colymbiphyllum removal clutches experienced higher 
rates of predation compared to H. fleischmanni (χ2 = -6.75, P = 0.0093, N = 61). In both 
species of Centrolene, removing males significantly increased both embryo dehydration 
and predation. Initially, egg hydration was the only detected function of care, using the 
larger dataset with all controls. However, removing early-abandoned controls (8 C. aff. 
savagei and 4 C. peristictum clutches) from analyses revealed that prolonged care 
significantly reduces predation. Initial comparisons of the full dataset found that control 
H. colymbiphyllum experienced higher rates of infestation by fly larvae and associated 
x x
x
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fungal infections than removals, and that control C. aff. savagei experienced higher rates 
of developmental abnormalities than removals. However, these treatment effects 
disappeared after removing early-abandoned controls (Table 3.1). Rates of other sources 
of mortality did not differ between treatments for all species (P ≥ 0.059, Table 3.1). This 
result stresses the importance of accounting for natural abandonment in control 
treatments during removal experiments to assess care function. Observed egg predators 
included spiders of the family Anyphaenidae, harvestmen (order Opiliones), whip 
scorpions (order Arachnida), the katydid Copiphora brevirostris (family Tettigoniidae), 
fly larva (likely Drosophilidae), stick insects (Phasmatodae), and the colubrid snake 
Leptodeira septentrionalis.  
 Analyses for effects of age-at-abandonment indicate that the benefit of care to egg 
survival declined with embryonic development in all five species with prolonged care 
(Centrolene, Hyalinobatrachium, Ikakogi). For some species, there was no longer a 
treatment (removal vs. control) effect when including day of abandonment in GLMs, 
while in others there was a treatment effect, as well as significant interactions between 
treatment and abandonment (Table 3.2, Figure 3.3). However, the timing of removals did 
not span the embryonic-age range of naturally abandoned controls (i.e., many removals 
were conducted before controls were naturally abandoned); thus biological effects of age-
at-abandonment might appear statistically as treatment effects or interactions. More 
importantly, whether parents were experimentally removed or naturally abandoned 
clutches, age-at-abandonment was consistently an important predictor of embryo survival 
and the importance of care declined with embryonic age across all five species; Figure 
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3.3 shows model fits across all clutches (i.e., not separated by treatment). These analyses 
also found that care function changed during embryonic development.  
The benefits of egg hydration declined quickly after the first dew days of 
development; in particular egg dehydration rarely occurred after developmental stage 17 
(Table 3.2, Figure 3.3), which represents only 23.6–24.7% of the average embryonic 
period. In four species, age at abandonment was the most important predictor of egg 
dehydration. In H. colymbiphyllum neither abandonment nor treatment was a significant 
predictor of egg dehydration; however, dehydration was rare and only occurred during 
the first four days of development, predominantly in early removal clutches. The benefits 
of egg guarding also declined during embryonic development. However, unlike 
dehydration, egg predation occurred throughout development until hatching competence 
(stage 25; Figure 3.3). Age-at-abandonment was significant and the most important 
predictor of egg predation in all 5 species; treatment effects and their interactions varied 
across species (Table 3.2). 
 
Comparative analyses 
 Relative benefits of care durations – Differences in overall embryo mortality 
between species with brief vs. prolonged care were not credibly different from zero, 
supporting that extending care does not generally improve survival over brief care 
(Bayesian mixed model results in Table 3.3a, Figure 3.4a). While both care strategies 
were equally successful at producing larvae, we did find support that average daily 
rainfall (until stage 17) interacts with care duration such that overall mortality is more 
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contingent on weather in species with brief care (interaction effects in Table 3.3a). The 
model comparing dehydration-related mortality found that dehydration rates were higher 
and strongly contingent on rainfall for species with brief care (Table 3.3b, Figure 3.4b). 
In particular, dehydration mortality among species with brief care dramatically increased 
when average daily rainfall was below 5 mm, while no such effect was observed for those 
with prolonged care. Comparisons of predation-related mortality did not find any fixed 
effects that were credibly different from zero (care duration, rainfall, and their 
interaction; Table 3.3c, Figure 3.4c), indicating that both strategies are equally successful 
at coping with predation. Statistical support for fixed effects was similar across models 
comparing eight species vs. those limited to five syntopic species (from Panama, Table 
3.3), as well as those with and without phylogenetic random effects. 
Egg hydration and dehydration – BMMs comparing hydration curves found that 
submerged eggs of species with jelly-rich clutches obtain greater hydration levels than 
those with simple clutches (clutch type: posterior mean = 0.79, CI = 0.25 – 1.36, PMCMC = 
0.016; Figure 3.5a). Furthermore, the rate of hydration was faster for species with jelly-
matrix clutches, as interaction effects (clutch type*time) were credibly different from 
zero (interaction: posterior mean = -0.3, CI = -0.36 – -0.26, PMCMC < 0.0004; time: 
posterior mean = 0.83, CI = 0.79 – 0.86, PMCMC < 0.0004). When clutches only received 
one night of egg-brooding from parents (initial hydration), time until dehydration (death) 
did not differ between clutch types (posterior mean = -1.38, CI = -3.55 – 0.79, PMCMC = 
0.13; Figure 3.5b). However, once maximum hydration levels were established overnight 
(following the hydration trial), eggs of species with jelly-rich clutches survived longer 
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without rehydration than did those with simple clutches (posterior mean = -6.38, CI = -
12.41 – -2.18, PMCMC = 0.022; Figure 3.5c). Differences in whole-clutch water-storage 
capacity are likely greater than we observed, as our 10-egg subsets did not include the 
large mass of eggless jelly in the clutch core. In preliminary trials of intact clutches, a C. 
granulosa clutch absorbed 12.72 g of water at maximum hydration, but a H. fleischmanni 
clutch only absorbed 4.9 g.  
Oviposition-site use and care duration – Differences between care durations in 
the exposure of oviposition sites to rainfall support that species with brief care use 
exposed locations; care duration effects were credibly different from zero (posterior mean 
= 4.83, CI = 1.47 – 8.17, PMCMC = 0.0036, Nspecies = 57, Nclutches = 1,602). Based on 
calculated preferences for individual species (S. Table 2 in Delia et al. in review), the 
majority with brief care prefer the upper surface of leaves and many exclusively use the 
upper surface. Some use other exposed locations (moss/branches and/or rocks) in 
addition to leaves (e.g., some Centrolene, Espadarana, Nymphargus, Sachatamia). Those 
that use lower surfaces almost always oviposit on the leaf margin or, occasionally, on the 
lower surface of ferns and selaginella where the divided leaf-structure does not block 
rainfall. Many species that prefer upper surfaces also occasionally use the lower margin; 
six species exhibit significant preferences for the lower margin (in Centrolene, 
Chimerella, Nymphargus, and Teratohyla). In contrast, species with prolonged care tend 
to avoid the leaf margin. In all Hyalinobatrachium, Ikakogi and some Centrolene (C. 
antioquiense, C. acanthidiocephalum, and C. peristictum) clutches were more frequently 
located on the sheltered (lower) surfaces of leaves away from the margin, ranging from 
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81–100% of clutch sites among species (Nclutches = 850). Two species of Centrolene with 
prolonged care use exposed rock surfaces (C. geckoideum and C. petrophilum), while 
others (C. daidaleum, C. savagei, C. aff. savagei, and C. aff. solitaria) exclusively use 
exposed upper surface of leaves away from the margin (Nclutches = 168). The only 
observed clutch of Celsiella vozmedianoi was located on the upper surface (the sister 
species, C. recovata, appears to use both surfaces; Señaris & Ayarzagüena 2005). A 
similar analysis coding lower leaf margins as sheltered found no support for differences 
in site use between care durations (posterior mean = 2.23, CI = -1.05 – 5.56, PMCMC = 
0.19).  
 Empty capsules and care duration – Species of Centrolene that provide prolonged 
care exhibit less than one empty capsule per egg ( = 0.11 ± 0.12, range = 0–0.57), while 
those lacking prolonged care (with capsule-laden clutches) have one or more empty 
capsules per egg (  = 2.7 ± 1.7, range =1–10.52). Differences between care durations 
were credibly different from zero for both the model controlling for phylogeny of 10 
species and the model lacking phylogenetic effects for 13 species (10 species: posterior 
mean = -2.35, CIlower/upper = -2.6 – -2.07, PMCMC < 4e-04; 13 species: posterior mean = -
3.94, CIlower/upper = -6.58 – -1.3, PMCMC = 0.007; Figure 3.6).  
Evolutionary associations of parental and clutch traits – ML and Bayesian 
analyses of binary discrete traits found strong support for a correlated model of evolution 
between clutch structure and care duration across all phylogenies, such that transitions to 
simple egg-clutches occur with all origins of prolonged care (ML: log-likelihood 
difference = 17.69 ± 2.12, P = 0.002 ± 0.001 [mean ± sd]; rjMCMC: log marginal-
x
x
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likelihood difference = 4.95, logBF = 9.9, Nspecies = 57; Figs. 3.7 & 3.8a). Of the 4–5 
transitions to simple clutches, only one (in Sachatamia) was not associated with 
prolonged care. The evolutionary addition of guarding behavior was associated with 
simple clutches, as the correlated model of clutch type and parental behavior (brooding 
vs. brooding/guarding) provided a significantly better fit in all 1000 phylogenies using 
the ML method (log-likelihood difference = 14.8 ± 0.75, P = 0.005 ± 0.001); the 
Bayesian method found positive support (log marginal-likelihood difference = 1.56, 
logBF = 3.12 , Nspecies = 37, Figure 3.8b). Almost all species with simple clutches guard 
their eggs, except the genus Sachatamia and the H. fleischmanni complex. Egg-guarding 
behavior is associated with transitions to male-only care, as all species with male care 
guard their eggs except the H. fleischmanni complex (ML: log-likelihood difference = 
11.4 ± 0.54, P = 0.023 ± 0.005 [insignificant effect was found in just one of 1,000, P = 
0.0509]; rjMCMC: log marginal-likelihood difference = 1.96, logBF = 3.9). Transitions 
to simple clutches were also associated with changes to male-only care; a correlated 
model provided a significantly better fit (P < 0.05) in 853 of the 1000s trees, and P ≤ 0.06 
for 954 trees (ML: log-likelihood difference = 10.11 ± 0.77, P = 0.04 ± 0.012). Bayesian 
analyses found much stronger support for a correlated model (rjMCMC: log marginal-
likelihood difference = 4.3, logBF = 8.6, Nspecies = 42, Figure 3.8c).  
Information on caring sex and behaviors are lacking for C. charapita, which lacks 
prolonged care, so the analyses of parental and clutch traits are likely missing an 
independent origin of male care (brooding/guarding) and simple eggs in C. geckoideum 
(see Figure 3.7). However, coding these care states for C. charapita to match all other 
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species lacking prolonged care (brief female brooding) results in stronger support for 
correlated models across methods and all trees.  
 
DISCUSSION 
Egg attendance is typically thought to evolve in response to harsh embryo environments 
(Smiseth et al. 2012). The history of parental care in glassfrogs involved three transitions 
from brief female care to extended male care (Delia et al. 2017, this work). We tested two 
hypotheses for how offspring fitness could favor such increases in care: prolonged care 
(1) improves embryo survival over brief care or (2) compensates for more vulnerable 
egg-clutch phenotypes (i.e., maternal changes that increase embryo need). We found that 
brief and prolonged care are equally successful at producing offspring in current 
environments. Furthermore, parent-removal experiments confirm that repeated origins of 
prolonged male care are not associated with new types of embryo risk—both brief female 
and prolonged male care function to reduce embryo dehydration and predation. These 
results contradict expectations based on greater benefits (H1). Instead, we found evidence 
that maternal jelly-contributions and oviposition-site choices mediate embryo 
susceptibility to dehydration and predation, and thus the importance of prolonged care 
(supporting H2). Hydration assays found that simple clutches have limited water-storage 
capacity and increased susceptibility to egg dehydration, compared to jelly-rich clutches. 
Elsewhere, we have found that brief maternal hydration of jelly-rich clutches confers 
days of protection from predators (Delia et al. 2017). Consistent with the hypothesis that 
prolonged care compensates for maternal changes to embryo need, comparative analyses 
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support that all transitions to prolonged and complex care are associated with simple, 
more vulnerable clutches. Taken together, this evidence supports that maternal traits that 
affect embryo need influence and/or evolve in response to male-only care.  
 
The diversity and function of egg attendance in glassfrogs 
Uniparental care is hypothesized to be ubiquitous in glassfrogs, with previous analyses 
supporting that prolonged male care evolved two or three times from brief female care 
(Delia et al. 2017). Our analyses here include new information on Centrolene charapita 
(D. Paucar pers. obs) and support three origins of prolonged male care (two within the 
genus Centrolene; Figure 3.7). We also found evidence that transitions to male care are 
associated with increased diversity of attendance behaviors. Almost all observed species 
with prolonged male care both brood and guard eggs, except for the H. fleischmanni 
complex (see below). In contrast, all but one species with female care only brood eggs 
(Jacobson 1985, Delia et al. 2017, Rios-Soto et al. 2017); Ikakogi tayrona is the only 
known case of prolonged female care, and females both brood and guard eggs (Bravo 
Valencia and Delia 2016). However, care durations in Ikakogi are much shorter than in 
species with male care (Delia et al. 2017). Thus, our analyses support that complex and 
prolonged male care was derived from brief, simpler female care at least three times in 
the Centrolenidae.  
Prolonged male care serves similar functions across independent origins in 
Hyalinobatrachium and Centrolene. Removing fathers increased embryo mortality on 
average of 31–55% (depending on the spp.), primarily from dehydration in H. 
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fleischmanni and from both dehydration and predation in H. colymbiphyllum, 
C. peristictum, and C. aff. savagei. Each care function is associated with a distinct 
attendance behavior—hydrating eggs during bouts of brooding, and guarding eggs during 
continued presence at oviposition sites. Consistent with this, male H. fleischmanni 
predominately exhibit brooding-only attendance. Removal experiments show that this 
behavior functions only to hydrate embryos (in three populations, Panama: this work, 
Costa Rica: Hayes 1991, and Mexico: Delia et al. 2013)—although males occasionally 
guard and sleep next to eggs (Delia et al. 2017b, unpublished). H. fleischmanni also 
exhibit more jelly than other Hyalinobatrachium, which might reduce the need for 
guarding. This brooding-only form of male care is likely derived within a clade of 
Hyalinobatrachium (possibly including H. carlesvilai, H. munozrum), as both hydration 
and anti-predation functions of prolonged care have been detected in all other studied 
Hyalinobatrachium, Ikakogi, and Centrolene (Vockenhuber et al. 2009, Lehtinen et al. 
2014, Bravo Valencia and Delia 2016, this work). Moreover, hydration and anti-
predation benefits of egg attendance are documented for many other families of frogs 
with terrestrial eggs, supporting that similar risks shaped similar parental behaviors 
across anurans  (e.g., Aromobatidae: Juncá 1996; Microhylidae: Simon 1983, Bickford 
2004; Cycloramphidae: Consolmango et al. 2016; Eleutherodactylidae: Townsend et al. 
1984; Burrowes 2000. Rhacophoridae: Poo and Bickford 2013, Seshadri and Bickford 
2018).  
 
Maternally constructed clutch-structure affects embryo vulnerability 
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Differences in egg-clutch phenotypes among glassfrogs reflect variation in maternal jelly-
contributions; some species lay simple clumps of eggs with little jelly, while others 
embed eggs in large gelatinous structures. Our hydration assays found that jelly-rich 
clutches absorbed water faster and stored more water than did simple clutches. Once fully 
hydrated, embryos in jelly-rich structures survived longer without re-hydration than did 
those in simple clutches. These assays probably underestimate the full magnitude of 
difference in water storage for intact clutches, as they were based on standardized 
samples of 10 eggs that excluded the large eggless core of the jelly-rich clutches.  
Our hydration assays were limited to species with and without jelly matrices. We did not 
study effects of the empty egg-capsules that occur in some Centrolene and Nymphargus 
ignotus. However, in phyllomedusid treefrogs empty capsules store and osmotically 
transfer water to viable eggs during development (reviewed by Wells 2007). The relative 
abundance of empty capsules is higher in glassfrogs that lack prolonged care (2.7 vs. 0.1 
empty capsules per egg), so they might help hydrate embryos in the absence of care (this 
needs to be tested experimentally). 
As well as storing water, extra-egg jelly can reduce the risk of predation, 
particularly by invertebrate predators. In Co. granulosa and T. pulverata with jelly-rich 
clutches, a hydrated jelly matrix impedes predatory katydids from extracting embryos 
(Delia et al. 2017). Moreover, hydrated clutch jelly functions as a barrier that reduces 
predation by ants and wasps in arboreal-breeding treefrogs (Warkentin et al. 2006, 
Touchon and Warkentin 2009, Touchon et al. 2010); both commonly prey on glassfrog 
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eggs (McDiarmid 1978, Vockenhuber et al. 2008, this work). It appears that extent of 
maternal jelly-contributions alter embryo need for both parental hydration and protection.   
 
Prolonged care compensates for embryo vulnerability 
Our results support that prolonged care offsets embryo mortality in more vulnerable 
clutch-structures, rather than increases offspring fitness over brief care. Both care 
strategies are equally successful at producing offspring in current environments. This 
result holds whether comparing eight species from diverse habitats, across 2–3 transitions 
in care type, or limiting analyses to five syntopic species exposed to the same 
environment in a single stream. Furthermore, prolonged care does not address a new or 
different type of threat. Experiments in 10 species confirm that both brief and prolonged 
care function to reduce embryo dehydration and predation (Hayes 1991, Vockenhuber et 
al. 2009, Delia et al. 2013, Lehtinen et al. 2014, Bravo Valencia and Delia 2016, Delia et 
al. 2017, Hughey et al. 2017, this work). Rather, maternal jelly-contributions mediate 
embryo susceptibility to both risks, thereby altering the value of prolonged care.  
Comparative analyses found that all transitions to prolonged care (3–4) are associated 
with origins of simple clutches (across methods and phylogenies). All species with 
prolonged care have simple, jelly-poor clutches, while almost all species lacking 
prolonged care have jelly-rich clutches. Only one genus lacking prolonged care, 
Sachatamia, has simple clutches. However, these frogs typically lay eggs on low 
vegetation and rocks in splash zones that provide environmental water more reliably than 
rainfall, and their egg capsules are extremely tough and turgid which might protect the 
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from arthropods (Puschendorf-Fahrenkrug et al. 2004, Rada et al. 2017, JD personal 
observation). Repeated origins of egg guarding (3–4) are also associated with transitions 
to simple clutches (strong support from ML analyses, positive evidence from Bayesian). 
Almost all species with simple clutches guard their eggs from predators, the exceptions 
being Sachatamia and species of the H. fleischmanni complex. Combined with our 
functional experiments, these results support the hypothesis that evolutionary extensions 
in care offset increased risk from more vulnerable clutch phenotype—it is possible that 
care and clutch structure coevolved.    
Although both care strategies are equally effective at producing young, prolonged 
care decouples embryo survival from variation in weather. Both overall and dehydration-
related mortality were contingent on rainfall in species with brief care, but not in species 
with prolonged care. We quantified rainfall during about the first quarter of the obligate 
embryonic period, until the tailbud stage (stage 17, Gosner 1960). In species with brief 
care, a single night of egg brooding enables embryos to survive an initial dry period 
(Delia et al. 2017), but they will dehydrate and die if no rain falls before they reach stage 
17 (Figure 3.4b). The hydration function of prolonged care clearly declines by this age, as 
simple clutches abandoned after stage 17 rarely experience dehydration mortality—this 
result was consistent across repeated origins of prolonged care in Ikakogi, 
Hyalinobatrachium, and Centrolene (Figure 3.3). It is possible that this early hydration-
sensitive period favored initial extensions in care, from one to several nights. Currently, 
hydration of simple clutches is highly dependent on prolonged care, regardless of rainfall. 
This dependence is associated with changes to a clutch structure that limit water storage 
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capacity and, in some cases, oviposition in locations sheltered from rain (see below). 
While buffering early development may have driven an initial extension in care, 
reductions in maternal contributions may have subsequently increased embryo 
dependence on prolonged care. Our analyses focused on egg-stage mortality, however, 
the hydration benefits of extended brooding past stage 17 likely provides larval-stage 
benefits by promoting facultative embryonic development in ovo (Delia et al. 2014)—we 
will test this hypothesis elsewhere.  
While the hydration benefits of prolonged care decline early in development, 
predation risk of simple clutches appears to maintain, and may have extended, care 
beyond stage 17. Across independent origins, the anti-predation benefits of prolonged 
care did not decline until embryos were capable of hatching at stage 25 (days-to-weeks 
after stage 17). Thus the specific benefits of prolonged care change across embryo 
development. Nonetheless, prolonged care is not overall more effective at reducing 
predation than is brief care, as egg-predation rates were similar for both care types 
(Figure 3.4c)—presumably because both thick jelly and egg-guarding behavior can 
protect embryos from arthropod predators. Brief care of jelly-rich clutches and prolonged 
care of simple clutches represent two alternative strategies that effectively meet embryo 
needs. Ultimately, maternal traits determine clutch structure and mediate embryo need, 
thereby influencing the importance of extended care.  
 
Oviposition-site choice and embryo dependence on prolonged care 
	  	  
96 
Jelly-rich clutches have substantial water-storage capacity. However, they lack prolonged 
care and therefore need access to rainfall to fill that reservoir. We found that species 
without prolonged care (and with jelly-rich clutches) preferentially oviposit in locations 
exposed to rainfall. These sites allow water flow over clutches during rainstorms, which 
presumably facilitates jelly hydration—this needs to be tested experimentally. In contrast, 
species with prolonged care use both hidden and exposed locations; although individual 
species exhibit preferences for one site. All Hyalinobatrachium, Ikakogi, and two species 
of Centrolene with prolonged care prefer the lower surfaces of leaves away from the 
margin, which can block rainfall from reaching eggs and increases embryo dependency 
on parents for hydration (e.g., Delia et al. 2013). However, such sites might also reduce 
adult exposure to predators during care, and/or protect eggs from UV radiation and 
torrential rainfall that can destroy clutches (Hayes 1991, Cisneros-Heredia and 
McDiarmid 2007, Delia et al. 2010). Moreover, it is clear that oviposition in exposed 
locations does not reduce embryo need for prolonged brooding. Embryo hydration is a 
key function of male care in C. aff. savagei that exclusively uses exposed surfaces 
(Figure 3.2), supporting that jelly contributions have a substantial impact on embryos’ 
hydration requirements. The evolution of prolonged care might relax the need for suitable 
oviposition sites and therefore alter selection on associated maternal traits, whereas the 
benefits of extra-jelly contributions likely require strategic oviposition in exposed 
locations.  
While we consider oviposition-site choice a female trait, it may also involve male 
traits in some species. Furthermore, sex differences in oviposition-site choice might 
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coevolve with parental care. Male glassfrogs defend multi-purpose territories used for 
both calling and oviposition (Jacobson 1985, Hutter et al. 2013). In other frogs, territorial 
defense of oviposition sites can benefit both embryo survival and male mating success 
(Howard 1978a & b). If male glassfrogs defend territories with suitable oviposition sites, 
it could relax selection on females to choose well. From our field observations of 40 
species, in those with prolonged care females usually lay on the same or adjacent leaf of 
the male’s calling site. In contrast, species without prolonged care amplected females 
often travel several meters in search of an oviposition site. Jacobson (1985) quantified 
this pattern in two syntopic glassfrogs, finding that the species with brief female care 
(Espadarana prosoblepon) traveled farther in amplexus before laying eggs than did the 
species with prolonged male care (H. fleischmanni). Furthermore, embryo mortality was 
correlated with oviposition-site characteristics in E. prosoblepon, but not in H. 
fleischmanni; other studies of Hyalinobatrachium report similar findings (Vockenhuber 
et al. 2008, Valencia-Aguilar et al. 2012). If male care reduces embryo dependency on 
suitable oviposition sites, or males pre-select good sites, it could allow females to reduce 
their site-choice effort. Further research is needed to examine oviposition-site selection 
and its consequences for males, females, and embryos. 
 
Egg-clutch phenotypes and the evolutionary dynamics of families 
Clutch phenotypes might mediate coevolution between the sexes in species with 
uniparental care. In glassfrogs, we recovered a phylogenetic pattern indicating that 
complex male care of simple clutches has repeatedly evolved from brief female care of 
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jelly-rich clutches. This pattern supports that extensions in male care compensate for 
reductions in maternal egg-contributions. It seems likely that males would first need to be 
providing care before they could respond to any reductions in maternal contributions. The 
potential processes responsible for transitions to male care in glassfrogs remain to be 
tested. However, our results suggest that an environmental-buffering function may have 
extended care from one to several nights (up to stage 17). Males that were present near 
eggs in multi-purpose territories could, by proximity, have had an opportunity to respond 
to embryo risk after females left. Once males were caring, females would then have the 
opportunity to reduce pre-zygotic contributions to clutches, which could lock in and 
further diversify male care over evolutionary time. Our analyses support that correlated 
changes in maternal traits explain the importance of male care until hatching competence. 
However, male glassfrogs often provide care well beyond hatching competence, into a 
facultative embryonic period (Delia et al. 2014, 2017, Figure 3.3). Elsewhere, we will 
examine how mating dynamics and embryo behavior can further elaborate male care. 
 Shifts from pre-zygotic maternal contributions to post-zygotic paternal care might 
operate via costs to mothers. The jelly coats of amphibian eggs are sugar rich, composed 
primarily of glycoproteins (Yurewicz et al. 1975, Bonnell and Chandler 1996, Wong and 
Wessel 2006), and thus require considerable organic resources. To date, there are no 
direct measures of the costs of jelly production in frogs. However, the jelly coats of 
marine gastropod and echinoid eggs—which are also rich in glycoproteins (Wong and 
Wessel 2006)—can account for 10–54% of the total material costs of an egg (Lee and 
Strathmann 1998, Bolton et al. 2000, Podolsky 2002). In these taxa the energetic costs of 
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jelly production increases with jelly volume, and are predicted to influence the evolution 
of parental investment and optimal egg size (Perron 1981, Lee and Strathmann 1998, 
Bolton et al. 2000, Podolsky 2004). In addition to jelly coats, oviposition-site choice can 
expend parental resources and expose them to risk (Resetarits 1996, Refsnider and Janzen 
2010). It is possible that jelly production and oviposition-site choice divert energy that 
females could allocate to other uses (e.g., reproductive or somatic effort). If so, 
transitions to male care could allow females to reduce pre-zygotic contributions and shift 
parental investment to males.  
Sexual conflict over parental investment may have shaped care patterns among 
glassfrogs (Houston et al. 2005, Lessells 2012), given the apparent functional 
interchangeability of female jelly-provisioning and male care. The phylogenetic pattern 
we found supports Paquet and Smiseth’s (2016) argument that maternal changes to 
offspring need could shift parental investment to males. Furthermore, it reveals additional 
potential mechanisms that could mediate coevolution between the sexes. In particular, 
reductions in jelly contributions and effort in oviposition-site selection could allow 
females to alter the value of male care. While our analyses focused on comparative 
differences, plasticity in both clutch structure and oviposition-site use are common 
maternal effects in oviparous animals (Refsnider and Janzen 2010, Shu et al. 2015) and 
could provide a relevant mechanism resolving sexual conflict in other species.  
While reducing egg jelly could generate sexual conflict on short time-scales, co-
evolution could ultimately reinforce male-only care. Previously, we speculated that 
fecundity costs limit the expression of extended female care in glassfrogs, such that 
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transitions to male care might provide opportunities for females to devote ‘saved’ 
investment into egg production (Delia et al. 2017). This enhanced-fecundity process can 
reinforce male care by altering brood value (offspring size/number) and/or by improving 
mating rates of caregiving fathers (Gross and Sargent 1985, Tallamy 2000, Gilbert and 
Manica 2015). In Hyalinobatrachium and many Centrolene, providing care does not 
preclude mating opportunities for males that attend overlapping broods from multiple 
partners (McDiarmid 1978, Mangold et al. 2015; this work). It is possible that the 
energetic costs of jelly production, oviposition-site choice, and brief care for females may 
be greater than costs of prolonged care for males. If these female contributions divert 
energy from future reproduction, male care could enhance and feedback with female 
fecundity in ways that stabilize or even elaborate care levels. Testing whether care 
patterns have been influence by sexual conflict vs. reinforcement will require more 
information on the relative costs and benefits of sex-specific contributions, and how 
transitions in caregiving sex influence female fecundity, reproductive rates, and the value 
of care for both sexes.  
While reductions in jelly occurred with all 3 transitions to male care, female 
Ikakogi tayrona also provide prolonged care to simple clutches in hidden locations 
(Bravo Valencia and Delia 2016). Currently there is no evidence to explain why female I. 
tayrona provide prolonged care instead males or instead of producing jelly-rich clutches. 
Perhaps egg-attendance is a beneficial strategy for females, or they might lack 
mechanisms to produce additional jelly. Ikakogi is a monotypic genus sister to all other 
glassfrogs (Guayasamin et al. 2009, Figure 3.7). Ancestral reconstructions of clutch 
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structure were ambiguous for the MRCA of the family. If simple clutches are ancestral, 
and female Ikakogi cannot produce additional jelly, extending care may have been the 
only possible response to embryo mortality—for unknown reasons, females got stuck 
caring. Female care may not be optimal for either reproductive output or offspring need 
in this species. Male Ikakogi have much lower mating rates than species with prolonged 
male care (unpublished data, Mangold et al. 2015), and mothers abandon eggs much 
earlier than do fathers in species with male care, despite similar developmental periods 
(Delia et al. 2017). Both might reflect fecundity constraints on caring mothers. More 
work is needed to quantify the costs of female care in Ikakogi and understand its 
evolution.  
 
Open questions and future work  
While the pattern we uncovered supports that clutch phenotypes and parental care 
coevolve, changes in egg traits could result from other processes (see Perron 1981, Lee 
and Strathmann 1998, Podolsky 2004). For example, changes in jelly could be driven or 
constrained by fertilization efficiency (sperm motility), offspring performance (if jelly 
alters how care is converted into offspring benefits), or hatching performance (embryo 
ability to exit from the clutch and/or assess environmental factors that cue hatching) 
(Seymour and Bradford 1995, Simmons et al. 2009, Gomez-Mestre and Warkentin 2007, 
Gomez-Mestre et al. 2008, Cohen et al. 2018). Ultimately, understanding whether 
changes in jelly coats result from trade-offs and/or feedback with parental behavior will 
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require more information on the relative costs and benefits of jelly production and care to 
mothers, fathers, and embryos.  
Our comparative analyses recovered two pathways with correlated changes, 
leading to either brief care and extensive extra-egg jelly, or prolonged care and minimal 
jelly. However, there are relatively few (3–4) independent transitions in care duration 
among glassfrogs and available information is currently limited to 35–47% of the family. 
Thus, results may change as more data or new phylogenies become available. We found 
that the evolution of prolonged male care is always associated with changes to simple 
clutches, while accounting for uncertainty in phylogeny and evolutionary models. 
Importantly, our analyses indicate that a jelly-rich clutch structure and prolonged care are 
functionally equivalent for offspring survival. We argue that our comparative field data 
reject the hypothesis that prolonged care evolves solely due to improved embryo survival 
over brief care. However, these analyses focused on the relative benefits of care durations 
in contemporary environments. Future work accounting for historical/climate variables 
could be useful to better test these hypotheses. 
Our analyses focused on easily observable differences in the hydrated volume of 
jelly and its water-storage capacity. In addition to differences in jelly volume, a range of 
other extra-egg traits could impact embryo need and coevolve with parental care. 
Variation in the chemical and structural composition of jelly coats can have a variety of 
effects in animals, altering water absorption and retention, tolerance of environmental 
chemicals (acid), pathogen resistance, and sperm motility (reviewed by Shu et al. 2015). 
More detailed research on animal egg coats—including morphological descriptions, 
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structural and biochemical compositions, and the maternal traits that produce them—will 
likely provide opportunities to test hypotheses of coevolution among family members.  
 
Conclusions – Sexual conflict and cooperation over parental care is a focal area of 
interest in theoretical biology and evolutionary behavioral ecology (Maynard-Smith 
1977, Houston and Davies 1985, McNamara et al. 1999, Houston et al. 2005). However, 
research on whether female can influence male care has mostly focused on species with 
bi-parental care (reviewed by Lessells 2012). Male-only care of eggs has evolved 
numerous times in arthropods, fishes, and amphibians (Mank et al. 2005, Beck 1998, 
Tallamy 2001, Requena et al. 2014, Gilbert and Manica 2015). Understanding the 
evolution of male-only care in such groups may also require understanding the evolution 
of female traits that determine offspring need. Inter- and intraspecific variation in egg-
clutch phenotypes is widespread in animals (West-Eberhard 2003, Refsnider and Janzen 
2010, Shu et al. 2015). This variation could provide a mechanism mediating coevolution 
of parental investment between the sexes in other groups. Incorporating such pre-zygotic 
changes might clarify evolutionary pathways to male-only care more broadly, offering 
general insights into evolutionary patterns of parental care. Our work highlights that 
integrative studies of egg-clutch phenotypes—and the maternal traits that produce 
them—offer new prospects for studying the co-evolutionary dynamics of family life.  
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TABLES AND FIGURES 
 
Table 3.1. Effect of male removal on embryo fates. 
 
 
 
Spp. Source χ 2 p value n χ 2 p value n
Total -8.72 0.00314 57 -19.57 9.72E-06 49
Dehydration -4.69 0.03033 -7.28 0.006989
Predation -2.81 0.1309 -6.46 0.01104
Fungus 0.00 1 0.00 1
Fly 0.00 1 0.00 1
Devel. abnormalities -4.37 0.03652 -3.55 0.05957
Flood/Rainstripped -1.67 0.1967 -1.37 0.2421
Total -9.71 0.00184 55 -14.60 0.000133 51
Dehydration -13.04 0.0003 -11.72 0.000619
Predation -1.64 0.199 -5.19 0.0227
Fungus -0.96 0.328 -0.62 0.4316
Fly 0.00 1 0.00 1
Devel. abnormalities -0.20 0.66 -0.05 0.8184
Flood/Rainstripped 0.00 1 0.00 1
Total -5.81 0.01595 59 -6.59 0.0102 55
Dehydration -29.34 6.08E-08 -39.29 3.65E-10
Predation -0.68 0.4086 -0.44 0.435
Fungus -3.81 0.05095 -2.77 0.0958
Fly 0.00 1 0.00 1
Devel. abnormalities -1.81 0.1786 -2.36 0.1241
Flood/Rainstripped -1.24 0.2649 -1.37 0.2422
Total -7.35 0.00671 67 -11.12 0.000855 64
Dehydration -4.41 0.03571 -3.94 0.0477
Predation -6.99 0.00819 -8.45 0.00365
Fungus -2.95 0.08584 -3.17 0.07495
Fly -3.42 0.064 -2.59 0.1
Devel. abnormalities -1.28 0.2573 -1.95 0.162
Flood/Rainstripped -1.37 0.2419 -1.27 0.25
H
. c
ol
ym
bi
ph
yl
lu
m
Full dataset
 Analyses were conducted on two datasets: removal clutches vs. all control 
clutches, and removals vs. controls with prolonged care (early-abandoned 
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Table 3.2. Effects of care duration and removal treatment on embryo fates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spp. Model Fixed effect χ 2 df p value
(a) Mortality
treatment: -6.09 1 0.4762
care duration: -46.70 1 7.25E-11
treatment * care duration: -0.58 2 0.445
(b) Dehydration
treatment: -1.31 1 0.5186
care duration: -26.64 1 6.45E-04
treatment * care duration: -0.12 2 0.73
(c) Predation
treatment: -10.96 1 0.004161
care duration: -25.74 1 2.57E-06
treatment * care duration: -7.34 2 0.006754
(a) Mortality
treatment: -8.29 1 0.0158
care duration: -21.47 1 2.17E-05
treatment * care duration: -7.38 2 0.006587
(b) Dehydration
treatment: -0.66 1 0.7191
care duration: -12.94 1 0.00154
treatment * care duration: 0.00 2 0.9996
(c) Predation
treatment: -5.24 1 0.073
care duration: -12.25 1 0.0021
treatment * care duration: -2.35 2 0.1251
(a) Mortality
treatment: -7.70 1 0.021
care duration: -20.15 1 2.19E-03
treatment * care duration: -4.78 2 0.029
(b) Dehydration
treatment: -0.08 1 0.9596
care duration: -1.43 1 0.489
treatment * care duration: -0.06 2 0.817
(c) Predation
treatment: -3.71 1 0.156
care duration: -10.42 1 0.0054
treatment * care duration: -2.85 2 0.0914
(a) Mortality
treatment: -5.19 1 0.07449
care duration: -11.01 1 4.07E-03
treatment * care duration: -5.05 2 0.025
(b) Dehydration
treatment: -1.93 1 0.3809
care duration: -9.13 1 0.0104
treatment * care duration: -1.89 2 0.1687
(c) Predation
treatment: -3.84 1 0.1468
care duration: -6.83 1 0.03287
treatment * care duration: -0.86 2 0.352
(a) Mortality
treatment: -3.96 1 0.138
care duration: -30.25 1 2.71E-07
treatment * care duration: -3.96 2 0.0467
(b) Dehydration
treatment: -5.73 1 0.05689
care duration: -32.77 1 6.49E-06
treatment * care duration: -5.22 2 0.022
(c) Predation
treatment: -9.60 1 0.008239
care duration: -10.41 1 0.005478
treatment * care duration: -9.19 2 0.002427
I. 
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 =
55
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LRT comparing nested beta-binomial GLMs. For controls, only clutches 
with known day of abandonment are included.
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Table 3.3. Relative benefits of prolonged vs. brief care durations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Model Fixed effects Posterior mean (CI) PMCMC Posterior mean (CI) PMCMC 
(a) Mortality care duration:  -3.88 (-8.09, 0.14) 0.06  -3.53 (-9.21, 3.04) 0.18
rain:  -0.19 (-0.32, -0.08) 0.0013  -0.2 (-0.32, -0.08) <7e-04
care duration * rain: 0.24 (0.05, 0.41) 0.004 0.23 (0.004, 0.44) 0.041
(b) Dehydration care duration:  -23.41 (-40.88, -9.05) 0.0067  -28.64 (-57.4, -4.45) 0.012
rain:  -3.24 (-5, -1.7) <7e-04  -4.04 (-7.2, -1.7) <7e-04
care duration * rain: 3.29 (1.58, 5.17) <7e-04 3.9 (1.38, 7.11) <7e-04
(c) Predation care duration: 0.69 (-2.6, 3.69) 0.64 0.38 (-3.8, 4.47) 0.84
rain: 0.33 (-0.07, 0.13) 0.54 0.03 (-0.07, 0.15) 0.53
care duration * rain:  -0.01 (-0.19, 0.15) 0.88  -0.006 (-0.23, 0.21) 0.97
8 spp. from across sites (n = 235) 5 syntopic spp. Panama (n = 149)
MCMCglmms comparing 8 species from multiple sites and a subset of 5 synoptic species.
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Figure 3.1. Variation in egg-clutch structure in glassfrogs.  
Illustrations show the sequence of structural changes from oviposition, after one night of 
parental care, and with further hydration. Immediately after oviposition, all observed 
species have a simple cluster of individually distinct eggs, and jelly is not yet hydrated. 
With brooding during the night of oviposition, clutches begin to swell. For a few species, 
hydration is evident only within the perivitelline chamber (e.g., Sachatamia, top). 
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However, in most species, eggs become suspended in a planar jelly matrix and, if present, 
empty egg capsules become evident (bottom). With further hydration and development 
the perivitelline chamber swells and eggs move outward, becoming suspended around a 
hydrated jelly core. At this point the full range of clutch structures is distinguishable. I. 
Simple clutches lack an evident jelly matrix around eggs, have few if any empty capsules, 
and are characterized by a flat (Ia) or gently rounded (Ib) structure with individual egg 
capsules distinctly visible on the surface. These occur in Hyalinobatrachium, 
Sachatamia, and Ikakogi, and in several species of Centrolene. II. Large-core clutches 
also exhibit individually distinct egg capsules on the surface but have a substantially 
larger jelly core and thus more water-storage capacity—egg capsules can separate with 
hydration, exposing the core. These occur in Centrolene charapita and C. heloderma. III. 
Capsule-laden clutches are characterized by abundant empty egg-capsules incorporated 
between eggs, with eggs suspended on a small-to-large volume core. These occur in 
several Centrolene and Nymphargus ignotus. IV. Jelly-matrix clutches contain eggs 
embedded within an evident jelly matrix, usually around a large jelly core (IVa, c). The 
matrix fills angles and spaces between eggs, giving the clutch surface a relatively smooth 
appearance. In many species that use leaf margins, the clutch becomes suspended from 
the leaf in a pendulous mass (IVb-d; Espadarana, Chimerella, Cochranella, and some 
Centrolene, Teratohyla, and Nymphargus). In some, with hydration eggs can become 
spread throughout the matrix with no discernable eggless core (e.g. IVd, Espadarana 
prosoblepon). Jelly-matrix clutches occur throughout all genera in the subfamily 
Centroleninae, except Sachatamia. Photo panel Examples of clutch type and diversity of 
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oviposition sites: Ia. Sachatamia punctulata upper leaf edge. Ib Hyalinobatrachium 
aureoguttatum hidden (lower) surface of broadleaf vegetation. II Centrolene heloderma 
on upper edge (photo credit J.M. Guayasamin). III Centrolene hybrida on lower edge. 
IVa Rulyrana flavopunctata on rock (photo credit I. De la Riva). IVb Chimerella 
mariaelenae lower edge. IVc Nymphargus wileyi on drip tip. IVd Espadarana 
prosoblepon on drip tip (photo credit K.M. Warkentin). 
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Figure 3.2. The function of prolonged male care in 4 species.  
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a) Effects of male removal on embryo fates (mean ± SE), from the dataset where early-
abandoned controls were removed; * <0.05, **<0.005, ***<0.0005. b) Egg-brooding 
fathers of each species. 
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Figure 3.3. The effects of age at abandonment. 
 The age effects of parental abandonment (embryo age on last day of care) on embryo 
mortality for 5 species of glassfrogs, from independent origins of prolonged care in 
Centrolene, Ikakogi, and Hyalinobatrachium: a) total mortality, b) dehydration, and c) 
predation. Models were fit across both control clutches (green data points) and 
experimental parent-removal clutches (grey data points) to examine a broad embryo age 
range at parental abandonment. Grey rectangles indicate developmental period until stage 
17. Grey dotted line indicates hatching competence; data points beyond that represent 
care during a facultative embryonic period. Data points are jittered to show stacked points 
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Figure 3.4. The relative benefits of prolonged vs. brief care. 
 The effects of prolonged and brief care on embryo mortality in relation to rainfall, in 
eight species of glassfrogs: a) total embryo mortality, b) egg dehydration, and c) egg 
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predation. Species with prolonged care are from repeated transitions in Centrolene, 
Hyalinobatrachium, and Ikakogi. Data points are jittered to show stacked points. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Effect of clutch structure on hydration and dehydration.  
a.) Hydration gain (g) in in clutch-subsets (10 eggs) over time for three species with jelly-
matrix clutches and two with simple clutches. b.) Dehydration rates (time until death) for 
the same 5 species; initial levels of hydration are for clutches that received 1 night of 
parental care. 
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Figure 3.6. Relative frequency of empty capsules per egg. 
Showing mean (95% CI) across 13 species of Centrolene (that frequently exhibit empty 
capsules) without and with prolonged care. 
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Figure 3.7. Ancestral states of prolonged care and egg-clutch structure. 
Mirrored phylogenetic trees showing the distributions and reconstructed ancestral states 
of care duration (left) and egg-clutch structure (right) across 70 species of glassfrogs. Pie 
charts show posterior probabilities of states at key nodes from stochastic character 
mapping (SCM), summarized across 1000 phylogenies. Dashed lines and pie charts at 
tips of terminal branches show the predicted state from SCM for species with unknown 
states. Dashed internal branches indicate equivocal reconstructions (probabilities ≤ 90%). 
!
!
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charts show posterior probabilities of states at key nodes from stochastic character 
mapping (SCM), summarized across 1000 phylogenies. Dashed lines and pie charts at 
tips of terminal branches show the predicted state from SCM for species with unknown 
states. Dashed internal branches indicate equivocal reconstructions (probabilities ≤ 90%). 
	  	  
119 
Note: Prolonged care is provided by males in all but one species; in Ikakogi tayrona 
females provide prolonged care. All observed species that lack prolonged care exhibit 
brief female care (see Delia et al. 2017). However, more data exist confirming the 
absence of prolonged care than the presence of brief care, because detecting brief care 
requires observations immediately after oviposition. 
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Figure 3.8. Transition rates between care and clutch states. 
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Transitions between discrete character states of egg-clutch type (simple or jelly-rich) and 
(a) care duration (prolonged or not prolonged, Nspecies = 57), (b) caregiving sex (male or 
female, Nspecies = 42), and (c) care behavior (brooding or guarding and brooding, Nspecies 
=38). Arrow thickness is proportional to the mean transition parameter estimate (qij) from 
the posterior distribution of Bayesian analyses in Bayestraits (across 1,000 phylogenies). 
Z indicates the frequency with which each was assigned to zero (Z) in the dependent 
model analyses: probable transitions (Z < 0.1) are in boldface, and improbable transitions 
are represented by dashed arrows.  
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CHAPTER FOUR: GLASSFROG EMBRYOS EXPLOIT SOICALLY DRIVEN 
CHANGES IN PARENTAL CARE 	  
ABSTRACT 
Interactions among family members can influence the evolution of parent and offspring 
traits. This is because parental care can provide a starting point for co-evolutionary 
process by which individual family members evolve in response to and influence 
evolutionary changes in parenting. Many animals only experience parental care as eggs. 
While eggs have been viewed as passive family members, we provide evidence that 
embryos are responsive to behavioral and evolutionary changes in parental care in 
Neotropical glassfrogs (Centrolenidae). We evaluate how the evolution of prolonged egg 
attendance influenced embryo behavior and development in 5 species across 2–3 origins 
of prolonged care. Parent-removal experiments found that embryos adaptively time 
hatching to escape abandoned eggs and delay hatching under continued care. We found 
strong evolutionary associations between changes in care duration and hatching plasticity 
across 6–7 species. The greatest co-extensions in care and plasticity occur among species 
where fathers re-mate while caring. To evaluate potential processes underlying father–
embryo coevolution we manipulated mating success in the field. Across two origins of 
male care, males greatly extended care periods in response to experimentally increased 
mating success, thereby decreasing embryo mortality. Embryos responded to extended 
paternal care by delaying hatching, more than doubling their embryonic period in nests of 
high-success fathers. Because positive interactions between mating and care determine 
the quality of embryonic environments, social dynamics of parents may be a key source 
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of variation influencing the evolution of hatching plasticity across glassfrogs. This study 
provides a novel perspective on hatching plasticity as mechanism enabling embryos to 
cope with and exploit family dynamics. Furthermore, this study supports that positive, 
reinforcing processes among family members may be elaborating paternal and embryo 
traits.   
 
INTRODUCTION 
Parental care is an essential part of many animals’ life history. It can also provide a 
starting point for co-evolutionary processes, by which individual family members evolve 
in response to and influence evolutionary changes in parental behavior (Trivers 1972, 
Royle et al. 2016). Considerable theory has explored how interactions between the sexes 
can generate variation in parental investment and how such variation in investment 
impacts the evolution of offspring adaptations (Trivers 1974, Godfray 1995, Wolf et al. 
1999, Kölliker et al. 2005, Smiseth et al. 2008). Most empirical studies have focused on 
groups where offspring beg or compete for complex parental care (reviewed by Royle et 
al. 2004, Kilner & Hinde 2012). However, simple egg attendance is phylogenetically the 
most widespread form of post-zygotic care in animals (Smiseth et al. 2012). While eggs 
have been traditionally viewed as passive family members—incapable of responding to 
family interactions—embryos of many animals can adaptively time hatching in response 
to risk and opportunity (reviewed by Warkentin 2011a). Here, we test whether hatching 
plasticity functions as an embryo adaptation to the social interactions of family life.  
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The evolution of parental care changes egg environments, presumably altering 
selection on embryo traits. Phenotypic plasticity in hatching age requires traits that permit 
environmentally cued responses (e.g., sensory systems, regulated hatching mechanisms), 
as well as those that enable survival both within and outside the egg across a range of 
developmental stages (e.g., behavior, physiology, yolk provisions; Warkentin et al. 2007, 
Cohen et al. 2016). Generally, parental care is thought to relax selection during the egg 
stage, leading to longer offspring development in the relatively safer egg (Williams 1966, 
Shine 1978, 1989); such a process could canalize formerly plastic traits. However, 
parental care is inherently variable—due to a variety of factors (e.g., Queller 1997, 
Kokko & Jennions 2008, Alonzo 2010, Klug et al. 2013)—and thus could contribute to 
variation in offspring environments. Variation in parental behavior could thus generate 
selection for hatching plasticity as an embryo adaption to cope with a range of parental 
quality (Delia et al. 2014). While there is evidence that parents can manipulate hatching 
timing, either via development rates (e.g. incubation timing in birds, Magrath 1990, 
Slagsvold et al. 1994) or by directly inducing or cueing hatching (e.g. Ishimatsu et al. 
2007, Oyarzun & Strathmann 2011, Christy 2011, Mukai et al. 2014), the possibility that 
embryos adjust hatching timing to cope with variation in egg-care is largely untested (but 
see Delia et al. 2014). 
 Social environments can cause variation in parental effort. Male parental care, in 
particular, is predicted to be sensitive to mating prospects, such that care levels vary due 
to population processes that influence mating opportunities (e.g., sex-specific mortality, 
life history, and their effects on adult and operational sex ratios; Maynard Smith 1977, 
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Klug and Bonsall 2010, Kokko and Jennions 2008, Klug et al. 2013). There are two 
theoretical ways in which mating opportunities might influence male care—conflict and 
reinforcement. Under conflict, males are predicted to reduce or abandon care in response 
to mating opportunities (e.g., Maynard Smith 1977, McNamara et al. 2000, Kokko and 
Jennions 2008). This is because providing care often involves energy- or time-allocation 
tradeoffs with mating effort, so that new mating prospects increase the opportunity costs 
of caring for current offspring (Williams 1966, Trivers 1972, Clutton-Brock 1991, 
Alonso-Alvarez and Velando 2012). This key tradeoff between caring for young and 
competing for mates is thought to explain why exclusive male care is rare in amniotes. In 
contrast, under reinforcement males are predicted to increase care levels in response to 
mating opportunities and/or success (Sargent and Gross 1985, Lazarus and Inglis 1986, 
Sargent 1988, Alonzo 2012). Mating opportunities can enhance care levels if paternal 
effort increases with the reproductive value of the nest (e.g., offspring number; Gross and 
Sargent 1985, Lazarus and Inglis 1986, Sargent 1988), and/or if females preferentially 
mate with paternal males (Forsgren et al. 2006 Lindström et al. 2006, Alonzo 2012). 
Reinforcement is likely to occur when males can care for overlapping broods while 
continuing mating activity, which presumably relaxes the opportunity costs of caring—a 
process that might account for the numerous origins of male-only care in arthropods, 
fishes, and amphibians (Williams 1975, Gross and Sargent 1985, Tallamy 2001, Manica 
& Johnson 2004).  
 While parental care is predicted to generate coevolution with offspring traits, we 
currently lack evidence that embryos in eggs evolve in response to social conditions of 
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parents. Glassfrogs provide an excellent opportunity to investigate parent–embryo 
interactions. These frogs have a semi-terrestrial reproductive mode, where embryos 
develop in eggs on vegetation and rocks above streams, and larvae develop in the water 
until metamorphosis. They exhibit considerable plasticity in hatching age—after an initial 
obligate embryonic period, embryos can delay hatching to extend their development in 
ovo for weeks, more than doubling the duration of the egg stage (Delia et al. 2014, 
Chapter 5). A single parent cares for eggs and care is characterized by two distinct 
durations—some species provide a single night of egg brooding following oviposition, 
while others continue care throughout much of embryonic development (Delia et al 
2017). Females provide brief care in all known cases, whereas prolonged care is more 
frequently provided by and evolved among males (42 species with prolonged male vs. 1 
with prolonged female care). The duration of prolonged care is extremely variable; 
parents may abandon eggs after just a couple days of development or care well into the 
facultative embryonic period (Delia et al. 2014, see Fig 3.3). Mating rates during care 
periods also vary within and among species; some species cease mating activity during 
care, while others continue and may care for multiple clutches concurrently (chapter 3). 
Male care of overlapping broods has evolved at least 3 times in the genera 
Hyalinobatrachium and Centrolene, although in a few species of Centrolene males care 
for one egg-clutch at a time and do not re-mate until they terminate care. It is possible 
that the duration of male care is contingent on mating opportunities, such that mating 
rates contribute to variation in embryonic environments. If so, hatching plasticity could 
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allow embryos to cope with early abandonment or exploit socially driven extensions in 
care.  
 We investigate the social conditions that generate variation in offspring 
environments, and whether they maintain and promote adaptive hatching plasticity across 
Neotropical glassfrogs (Centrolenidae). Using field observations and the literature we 
examine whether evolutionary changes in care are associated with changes in hatching 
plasticity, and whether parent–embryo co-variation is associated with mating dynamics 
across 6–7 species. We then test if embryos time hatching to cope with variation in 
parental care. Our previous research in a Mexican population of Hyalinobatrachium 
fleischmanni found that embryos hatched early when abandoned (Delia et al. 2014). Here, 
we expand experiments to 5 species from 2–3 origins of prolonged care. It is possible that 
variation in embryonic periods results from direct effects of care on development rate, 
rather than adaptive embryo responses. Therefore, we use parent-removal experiments to 
test if embryos hatch earlier when abandoned and compare hatchling phenotypes between 
treatments to assess whether hatching plasticity results from direct parental effects on 
development rate or embryo decisions to hatch early in development. With the finding 
that embryos respond to care periods, we investigate the underlying process generating 
variation in parenting. Our comparative analyses indicate that the most extensive co-
variation occurs among species where males continue mating activity during care periods. 
Across two origins of male care (in Hyalinobatrachium and Centrolene), we conduct a 
mate-manipulation in the field to test whether variation in mating success influences the 
duration of male care and whether embryos respond to these socially generated changes. 
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We evaluate two hypotheses of whether mating opportunities conflict with or reinforce 
male care. Under conflict, males should abandon clutches to re-mate, leading to a more 
dangerous egg-stage. Under reinforcement, males should extend care with opportunities 
to re-mate, which would provide the opportunity for embryos to extend development in 
ovo. In either context, mating dynamics would directly alter the safety of the nest for 
embryos, generating context-dependent optimal hatching timing. We find evidence that 
mating success promotes elaborate male care and that mating dynamics account for 
evolutionary extensions in care periods across species. Furthermore, we find support that 
hatching plasticity allows embryos to track socially generated variation in parenting over 
ecological and evolutionary timescales.  
 
 
METHODS 
General methods – We conducted field research on five species of glassfrogs at four 
study sites in Panama, Colombia, and Ecuador (study sites listed in Table 2.1); 
Hyalinobatrachium colymbiphyllum, H. fleischmanni, Centrolene peristictum, C. aff. 
savagei, and Ikakogi tayrona. We marked and monitored male territories for mating 
activity along stream transects. Newly deposited clutches were randomly assigned to 
treatments. Both parents and clutches were monitored nightly to gather information on 
the duration of parental care (days), embryonic development (stages according to Gosner 
1960), hatching timing (days), and embryonic mortality (proportion of eggs in clutch). 
We monitored hatching success and timing using small plastic cups attached beneath 
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clutches with small-gauge wire (sensu Hayes 1983). Hatchlings were counted and 
released nightly to quantify hatching timing and egg-stage survival, and we took nightly 
photographs and made observations to identify particular sources of embryo mortality 
(according to established methods; see Warkentin 2000, Chapters 2 and 3).  
 
Embryo response to parental abandonment – To test if embryos hatch early when 
abandoned, we conducted removal experiments in the field for all 5 species by displacing 
parents from clutches. Removals were conducted from one day past oviposition until 
Gosner stage 17–18 (4–8 days), which accounts for ~ 23–25% of the average embryonic 
period in these species. Development is slower in cooler temperatures at higher elevation 
sites (Centrolene and Ikakogi), so removal age (days) was adjusted accordingly. 
Removed parents were immediately relocated and released 100–500 m up or downstream 
from their capture location. We compared development and hatching timing between 
embryos in the removal treatment and controls that received continued care. Mortality 
data for these clutches are analyzed elsewhere (Bravo Valencia and Delia 2016, Chapter 
3). Because some removal clutches had complete mortality (especially those conducted 
within 1–2 days of oviposition), our sample sizes for development and hatching timing 
are unequal between treatments (H. colymbiphyllum n = 25 and 31, H. fleischmanni n = 
11 and 22, C. peristictum n = 15 and 24, C. aff. savagei n = 12 and 19, and I. tayrona n 
=12 and n = 22, respectively). Clutch size did not differ between treatments within 
species (H. colymbiphyllum = 77.69 ±[sd] 12.01, t51.51 = -0.9, p = 0.36, n = 56 clutches; 
H. fleischmanni = 26.42 ± 4.68, t18.54 = 0.58, p = 0.56, n = 33; C. peristictum = 21.53 
x
x x
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± 3.21, t33.78 = -0.41, p = 0.68, n = 39; C. aff. savagei = 26.35 ± 4.91 eggs, t-test: t21.59 
= -0.63, p = 0.53, n = 31; I. tayrona = 77.05 ± 16.38, t23.77 = -0.69, p = 0.49, n = 34).  
 
Mate manipulation experiments – We tested whether mating rates influence the 
duration of male care, and whether embryos alter hatching timing accordingly, using field 
experiments in H. colymbiphyllum (Panama) and C. peristictum (Ecuador). These species 
are from independent origins of male care. Both continue mating activity during care 
periods, calling to and mating with multiple females (Chapter 3). All males in this 
experiment received one natural mating (focal clutch) and were then randomly assigned 
to one of two mate-manipulation treatments; males were either blocked from additional 
mating or had mating opportunities enhanced (H. colymbiphyllum blocked nmales = 22 and 
enhanced nmales = 21; C. peristictum nmales = 14 per treatment). Clutch size did not differ 
between treatments within species: H. colymbiphyllum = 74.04 ± (sd) 14.25 eggs (t-
test: t38.88 = -0.62, p = 0.53, n = 43 clutches); C. peristictum = 22.14 ± 3.64 eggs (t-test: 
t25.02 = 0.2, p = 0.84, n = 28 clutches).  
To manipulate mating rates, we examined male territories for gravid females 
every 30–60 min between ~19:30 and 03:00 each night; most pairs formed before 00:00 
in both species. For the blocked treatment, we gently removed gravid females as they 
entered the resident’s territory and/or physically dislodged pairs in amplexus. We then 
immediately translocated gravid females to territories of the enhanced treatment, 
releasing the female directly on the resident’s call-site leaf. For enhanced males, we 
attempted to space the addition of gravid females from several days up to a few weeks 
x
x
x
x
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(depending on the species) after oviposition of the focal clutch. Enhanced males were 
seen in amplexus during the subsequent check in over 90% of translocations. For a subset 
of translocated females, temporarily marked with acrylic powder on their dorsum, we 
confirmed mating with the resident male. All enhanced males had mating rates increased 
and cared for multiple clutches concurrently during a nest-cycle, while all blocked males 
cared for only one clutch and had mating rates reduced (all were blocked from at least 1 
prospective mating by dislodging amplexus; see results). For the first clutch in the nest 
cycle, we monitored the duration of care it received, the timing of hatching, and rates of 
embryo mortality nightly until all embryos hatched or died. We also monitored the 
duration of the nest cycle (care period for all clutches) until males abandoned their 
territory.  
 
Embryonic development and hatchling phenotypes – Glassfrog embryos become 
hatching competent at developmental stages 23–25 (external gill regression), but they can 
delay hatching to extend the duration of their embryonic period at least twofold (Delia et 
al. 2014, Chapter 5). Available staging tables do not capture morphological changes 
during this facultative embryonic period; the criterion for stage 26 (Gosner 1960) is limb 
bud development, which in glassfrogs occurs several months after external gill 
regression, near the end of the larval period (Hoffman 2010). We tested the effects of 
parental care on hatchling phenotypes and embryonic development rate by conducting a 
morphological study, using a subset of hatchlings from each experiment collected on or 
near the modal day of hatching for their clutch. Animals were immediately preserved in 
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9% formalin after hatching, photographed with a scale in lateral and ventral view using a 
Canon DSLR (D70) with MPE-65 mm macro lens, then measured from images using 
ImageJ 1.48v (NIH). To examine developmental changes during the facultative 
embryonic period we measured 10 features of collected hatchlings to characterize 
external morphometry (mm) and internal organ development; total length (TL), tail 
length (TAL), tail height (TH), tail muscle width and height (TMW, TMH), and head 
length and width (HL, HW), yolk length and width (i.e., undivided sac or yolk-filled gut 
coils; YL, YW), and digestive system development as the number of gut-coil rotations 
(GC; to the nearest quarter rotation).  
 
Statistical analyses – All statistical analyses were conducted in R v. 3.3.3 (R Core Team 
2017).  
Comparative analyses: We tested whether evolutionary changes in the duration of 
prolonged parental care are associated with changes in hatching plasticity across 7 
species. Published information on hatching ages and care duration is lacking for most 
species with prolonged care. Therefore, our analyses included data on the 5 species 
studied here plus H. orientale (Lehtinen et al. 2014, Nokhbatolfoghahai et al. 2015) and a 
Mexican population of H. fleischmanni (Delia et al. 2014), which likely represents a 
distinct species from the Panamanian populations of H. fleischmanni studied here 
(Taylor, 1942; Castroviejo-Fisher et al., 2009). We found data on parental care and 
hatching plasticity in H. valerioi (Vockenhuber et al. 2008); however, information on 
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care period was reported only for entire nest cycles, not for individual clutches, thus is 
not consistent with our datasets.  
We calculated both care duration and hatching parameters relative to the obligate 
embryonic period (earliest observed hatching) for each species, because temperature 
varies across our study sites (with altitude) and directly affects amphibian embryo 
development. Glassfrog embryos become competent to hatch at the same developmental 
stage across species (23–25, gill regression; Delia et al. 2014, Nokhbatolfoghahai et al. 
2015, Chapter 5), so this proportional calculation provides a developmentally consistent 
measure of facultative extensions in the care and embryonic periods. We calculated the 
mean values and magnitude of plasticity (range from earliest to latest) for both care 
duration and hatching timing, as well as the shift in mean hatching timing between 
removal and control treatments (i.e., treatment effect). For H. orientale, we were only 
able to gather an approximate mean for hatching age (R. Lehtinen pers. comm), and 
therefore lack data on the magnitude of hatching plasticity and treatment effects. For 
some species, information on care duration was calculated from a larger dataset of 
unmanipulated parents.  
To test for evolutionary associations between parent and embryo parameters, we 
used phylogenetic generalized least squares analyses (PGLS, Grafen, 1989) in the 
packages APE and nlme (Paradis et al. 2013, Pinheiro et al 2013). We compared the fit of 
a Brownian motion of evolution to an Ornstein-Uhlenbeck model, and to white noise, on 
a pruned MCC tree (generated by Delia et al. 2017) for each parameter using AIC values 
in the Geiger package (Harmon et al. 2008). The PGLS method allowed us to 
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simultaneously estimate λ with the regression parameters, and thereby control for the 
appropriate amount of phylogenetic signal in the residual variance of each model (Revell 
2010, Symonds & Blomber 2014). However, there can be issues estimating λ using small 
sample sizes (6–7 species). Therefore, we also compared results with linear models for 
phylogenetic independent contrasts (PIC, Felsenstein 1985) and LM on the raw data. 
Experimental analyses: We tested for treatment effects on hatching timing (both 
experiments) and parental care duration (mate manipulation experiment) using separate 
generalized linear models (GLM). The modal day of hatching and care duration are count 
data measured in days, and were therefore modeled using either Poisson or negative 
binomial error structures and log-link functions in the packages glm2 and MASS 
(Venables and Ripley 2002, Marschner 2011); we choose the later when models were 
overdispersed (residual deviance > double residual df). We compared the proportion of 
embryos that died in each clutch, as well as the proportion of each source of mortality, 
between treatments using GLMs with an underlying beta-binomial error distribution and 
logit link function (package aod; Lesnoff and Lancelot 2012). Separate models were used 
for each response for each species, to test the effects of parent removal on the modal day 
of hatching (removal vs. control clutches), and the effects of mate manipulation on modal 
hatching timing, embryo mortality, care duration, and nest-cycle duration (enhanced vs. 
blocked mating rates). We also tested whether care duration (last day of care) influenced 
modal hatching timing across all clutches in the removal experiment (both removals and 
controls); including all clutches in these analyses increases the range of ages at 
abandonment, and thus can provide insight on the function of extended care durations 
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(i.e., past 4–8 days). For some species we added additional monitored control clutches 
that were not included in the removal experiment. Tests used to compare descriptive 
features of experiments are reported in the results (e.g., t-tests, Mann-Whitney U).  
 To test for treatment effects on hatchling phenotypes, we used principal 
component analyses (PCA) to summarize the 10 features of hatchling phenotypes using 
the prcomp function in R. We compared the scores on principle components (PC) 1 and 
2, which captured most of the variance, between groups using t tests. To test whether care 
alters the rate of embryonic development, we compared two key markers of hatchling 
development between control and removal treatments: total length (mm) and number of 
gut-coils. These traits loaded most heavily on PC1 and PC2, respectively. Age at hatching 
(days) was entered as a covariate in these models; a significant age-by-treatment 
interaction would indicate different rates of development between treatments, supporting 
the hypothesis that hatching plasticity results from direct parental effects. In contrast, no 
interaction effects would support that hatching plasticity is due to embryos hatching at 
different stages of development (Delia et al. 2014). We modeled total length using linear 
models, and gut-coil number (counts) with Negative Binomial GLMs separately for each 
species.  
  
RESULTS 
Correlated parent–embryo traits – PGLS analyses found strong positive associations 
between evolutionary changes in parental care and hatching plasticity across species 
(Figure 4.1). Extensions in mean care duration, relative to the obligate embryonic period, 
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were strongly associated with extensions in the mean delays in hatching (pGLS: β = 
0.437 ± [SE] 0.09, F = 22, λ = -0.61, p = 0.005, nspecies = 7), the magnitude of hatching 
plasticity (pGLS: β = 0.824 ± 0.103, F = 63.9, λ = 1.91, p = 0.0013, nspecies = 6), and the 
removal treatment effect (magnitude of the shift in hatching timing between treatments) 
(pGLS: β = 33.76 ± 2.99, F = 127.4, λ = -0.84, p = 0.0004, nspecies = 6). Furthermore, the 
range of variation in care duration was strongly associated with the magnitude of 
hatching plasticity across species (pGLS: β = 0.582 ± 0.132, F = 19.3, λ = 2.07, p = 
0.011, nspecies = 6). Results were similar for both LMs of raw data and phylogenetically 
independent contrasts with two exceptions (Table 4.1); non-significant effects were found 
for PIC analysis of treatment effect size across mean care duration (p = 0.07), and for raw 
data of hatching plasticity across variation in care duration (p = 0.15), thus both are 
sensitive to phylogeny.  
Interspecific differences in how far prolonged care extends into the facultative 
embryonic period appear to be associated with mating dynamics and associated variation 
in family structure. Species that provide care to one egg-clutch at a time—stopping 
reproductive activity until they terminate care—have both the shortest care periods and 
the shortest facultative embryonic periods. These species tend to abandon clutches before 
they hatch (Bravo Valencia and Delia 2016). This occurs in the only known species with 
prolonged female care (Ikakogi tayrona) and within a clade of Centrolene with male care. 
In contrast, species where males continue reproductive activity during care periods 
exhibit the greatest extensions in care and embryonic periods. Male care for multi-clutch 
nests has evolved repeatedly among Hyalinobatrachium and within Centrolene.  
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Removal experiment – Across all control and removal clutches, care duration had a 
significant positive effect on hatching timing in all five species (Poisson GLMs H. 
colymbiphyllum: χ2= 24.32, p = 8.127e-07, n = 56; H. fleischmanni: χ2= 6.8 p = 0.009, n 
= 33; C. peristictum: χ2= 35.52, p = 2.523e-09, n = 39; C. aff. savagei: χ2= 12.14, p = 
0.0004, n = 31; I. tayrona χ2= 3.89, p = 0.048, n = 31; Figure 4.2). Removing parents 
reduced the amount of time until embryos hatched in all species (all p < 0.05, Figure 4.2, 
Table 4.2). Initial analyses in Ikakogi tayrona found that removing mothers had no 
significant effect on time until hatching (Poisson GLM: χ2= 3.44, p = 0.063, n = 34). 
However, excluding controls that were abandoned by stage 18 (0–6 days, n = 4) from 
analyses revealed that time until hatching was significantly reduced for the female-
removal treatment (p = 0.035, Table 4.2). On average, the modal day of hatching in 
removal clutches was 19.6–50.4% earlier than controls, depending on the species (Table 
4.2).  
 
Embryonic development and hatchling phenotypes – Principal components analyses 
of hatchling phenotypes revealed that PC1 accounts for 63.1% of the total variance, with 
moderately positive component loadings (31–38%) for 6 morphometric measures (TL, 
TAL, TMW, HW, TMH, TH; see Table 4.3). Therefore, PC1 can be interpreted as a 
measure of overall size, with higher values indicating larger individuals with more 
developed tail musculature. The remaining 4 measures loaded on PC2, which accounts 
for 22.7% of total variance. It can be interpreted as an axis of body shape and organ 
development, such that larger PC2 values indicate more developed individuals with more 
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gut-coils and larger heads (61.5 and 42.5%), smaller yolk reserves and thinner bodies (–
47.6 and –39%). All other PCs each accounted for less than 5.0% of total variance (Table 
4.2). Hatchlings from removal clutches had significantly lower PC1 and PC2 scores 
(were smaller and less developed) than those from control clutches in all 5 species (H. 
colymbiphyllum: PC1 t23.3 = 2.75, p = 0.011, and PC2 t23.5 = 3.73, p = 0.001, n = 30; H. 
fleischmanni: PC1 t23.3 = 4.78, p = 7.63e-05, and PC2 t30.8 = 6.13, p = 8.5e-07, n = 33; C. 
peristictum: PC1 t20.24 = 3.72, p = 0.0013, and PC2 t17.65 = 5.81, p = 1.772e-05, n = 23; C. 
aff. savagei: PC1 t23.53 = 3.8, p = 0.0008, and PC2 t23.25 = 3.7, p = 0.0011, n = 26; I. 
tayrona: PC1 t22.72 = 4.66, p = 0.00011, and PC2 t20.9 = 4.44, p = 0.00022, n = 29; Figure 
4.2).  
We also tested whether any part of hatching plasticity could be due to parental 
effects on development rate (i.e., prolonged care slowing development). In all 5 species, 
both total length and gut-coil development was predicted by age (all p ≤ 0.017), but not 
by a treatment by age interaction (p ≥ 0.054; Table 4.4), indicating that removing parents 
had no effect on the rate of embryonic development. Growth and development were 
continuous during the plastic hatching period, such that differences in hatching timing 
result in differences in hatchling phenotypes.  
 
Mating manipulation experiments – Our manipulation influenced male mating rates 
and corresponding family size during nest cycles in both species. Enhanced males cared 
for significantly more clutches than did blocked males per nest cycle (H. colymbiphyllum: 
1 vs.  = 3.38 ± [se] 0.22 clutches, U = 0, p = 1.389e-09; C. peristictum: 1 vs.  = 2.5 ± 
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0.13 clutches, U = 0, p = 1.094e-06). All blocked males cared for only one clutch at a 
time, whereas enhanced males cared for 2–5 and 2–3 clutches concurrently 
(respectively). 
In both species, enhancing mating rates substantially increased the duration of 
care that males provided to the first (focal) clutch in the nest cycle (H. 
colymbiphyllum Poisson GLM: χ2= 30.19, p = 3.913e-08, n = 40; C. peristictum negative 
binomial GLM: χ2= 19.32, p = 1.123e-05, n = 27, Figure 4.3). Males from enhanced 
treatments extended care on average 85.7% (6 days) and 92.6% (15.74 days) beyond the 
obligate embryonic period (respectively); in contrast blocked males cared only 29.2% 
(2.05 days) and 9.5% (1.61 days) beyond the obligate embryonic period. Furthermore, 
males from enhanced treatments exhibited longer nest-cycle durations than blocked males 
(negative binomial GLMs H. colymbiphyllum: χ2= 65.94, p = 4.641e-16; C. 
peristictum: χ2= 22.62, p = 1.974e-06, n = 27, n = 40, Figure 4.3). Enhanced males often 
stayed in territories until after the focal (first) clutch hatched and continued providing 
care to younger half-sibling clutches, with nest-cycles lasting on average 20.15 (± 1.2) 
and 41.7 (± 4.98) days in total (187.9% and 151.2% extensions past the obligate 
embryonic period of the focal clutch). The nest-cycle of one male C. peristictum lasted at 
least 78 days; he was still caring when we left the study site. In contrast, blocked males 
often abandoned their territories before the focal clutch hatched, with nest cycles lasting 
on average 9.05 (± 0.73) and 17.6 (± 2.23) days (29.2% and 9.5% extensions). These 
males either left the study transect or moved to a new territory to start a new cycle, never 
returning to the focal clutch. 
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Embryos of the focal (first) clutch delayed hatching longer in the nests of 
experimentally enhanced fathers, compared to those from the blocked treatment (Poisson 
GLMs H. colymbiphyllum: χ2= 8.08, p = 0.0045, n = 40; C. peristictum: χ2= 8.32, p = 
0.004, n = 27, Figure 4.3). Embryos from enhanced treatments delayed hatching on 
average 104.2% (7.3 days) and 113% (19.2 days) past their obligate embryonic period, 
compared to facultative extensions of 58.5% (4.1 days) and 76% (12.9 days) for blocked 
treatments. 
Principal components analysis of H. colymbiphyllum and C. peristictum hatchling 
morphology, from this experiment, resulted in similar patterns as the 5-species dataset 
(Table 4.3). Hatchlings from enhanced treatments had significantly higher PC1 and PC2 
scores (i.e., were larger and more developed) than those from blocked treatments in both 
species (C. peristictum: PC1 t14.59 = -2.9, p = 0.011, PC2 t14.75 = -4.95, p = 0.00018, n = 
18; H. colymbiphyllum: PC1 t28.76 = -2.64, p = 0.012; PC2 t21.24 = -4.56, p = 0.00016, n = 
31; Figure 4.4). 
In H. colymbiphyllum, clutches from the blocked treatment suffered marginally, 
but nonsignificantly, higher overall embryo mortality compared to the enhanced 
treatment (27 ± 7% vs. 9.9 ± 4.7%; beta-binomial GLM: χ2 = -3.46, P = 0.062, N = 43, 
Figure 4.4, Table 4.5). However, comparisons of particular embryo fates found that 
predation rates were significantly higher for clutches from the blocked vs. enhanced 
treatment (22.8 ± 7% vs. 7.7 ± 4.8% respectively: χ2 = -4.14, P = 0.041). Comparisons of 
all other sources of mortality were non-significant (Table 4.5). One enhanced and two 
blocked clutches experienced complete mortality. In C. peristictum, focal clutches from 
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the blocked treatment suffered higher overall embryo mortality than those from the 
enhanced treatment (18.9% vs. 3.4%; χ2 = -4.42, P = 0.0355, N = 28, Figure 4.4, Table 
4.5); likely from a combination of increased predation (15.1% vs. 1.8%) and fungal 
infection which occurred following initial predation or dehydration. However, no 
individual source of mortality was significantly higher for blocked clutches (see Table 
4.5). All focal clutches from the enhanced treatment survived until hatching, while 1 
blocked clutch suffered complete predation. 
  
DISCUSSION 
We found evidence that glassfrog embryos are responsive to behavioral and evolutionary 
changes in parental care. In all the species we tested, embryos hatch earlier if abandoned 
and later under continued parental care. This result is consistent across multiple origins of 
prolonged care, regardless of caregiving sex or family structure (single or multiple 
clutches). Parental care did not affect the rate of embryonic development. Rather, 
plasticity in hatching timing was due to embryos hatching prematurely to escape from 
abandoned eggs and extending development in ovo under the safety of continued care. 
Across species, evolutionary extensions in care duration are associated with increases in 
the magnitude of hatching plasticity, supporting that embryo strategies have evolved in 
response to and/or influence parental care. The greatest plastic care and embryonic 
periods occur in species where paternal males continue mating and care for overlapping 
clutches during a nest cycle. This suggests that the opportunity to extend embryonic 
development may be contingent on the mating dynamics of parents. In two origins of 
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male care to overlapping broods, we found that male mating success influences the 
duration of care for eggs. Fathers responded to experimentally increased mating rates by 
extending care periods for weeks to months longer than conspecifics caring for single 
clutches. Mating success determined the period of safety for nests, as focal embryos of 
successful fathers experienced longer care periods and lower embryo mortality. Embryos 
responded to these socially driven changes in male care—across independent origins—by 
delaying hatching and more than doubled their duration of development in the nests of 
high-success fathers. Because positive interactions between mating and care determine 
the quality of embryonic environments, social dynamics of parents may be a key source 
of variation influencing the evolution of hatching plasticity across species. Overall, this 
study reveals that hatching plasticity allows glassfrog embryos to exploit socially driven 
changes in parenting, on both behavioral and evolutionary timescales. 
 Previous research demonstrates that parents can alter hatching timing by direct 
effects of care on development rate as well as by cueing or manipulating the hatching 
process (e.g., Mousseau and Dingle 1991, Li 2002, Ishimatsu et al. 2007, Mukai et al. 
2014). However, few studies have considered hatching plasticity as an adaptation of 
embryos to cope with variation in parental care (but see Delia et al. 2014). The evolution 
of parental care is predicted to alter selection on offspring traits that increase the 
efficiently with which care is converted into offspring benefits (reviewed by Kölliker et 
al. 2012). Our results provide a novel perspective on hatching plasticity as a key 
mechanism enabling embryos to exploit variable, socially contingent increases in parental 
care. Across five species and 2–3 origins of prolonged egg-attendance, we found 
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glassfrog embryos accelerate hatching in response to parental abandonment and extend 
development under continued care, consistent with prior results in a sixth species (Delia 
et al. 2014). Both natural and experimental variation in care periods strongly predicts 
embryonic periods (Figure 4.2, Delia et al. 2014). The opportunity to extend development 
in ovo is, thus, completely contingent on parental behavior.  
Substantial growth and development occurs during this contingent embryonic 
period, allowing embryos to convert continued care into larval-stage benefits. Across all 
species we tested, hatchling size and development increased with hatching age. In other 
experiments, including H. colymbiphyllum and H. fleischmanni, we found that older 
hatchlings begin foraging almost immediately after hatching, while younger ones must 
spend days developing on yolk reserves before they can eat (Chapter 5). Moreover, older 
hatchlings have better swimming performance (Chapter 5) and, at least in H. 
colymbiphyllum, this improves their survival with the predatory fish Poecilia gillii (Delia 
unpublished). Thus, while premature hatching allows embryos to escape immediate risk 
in abandoned eggs, delayed hatching under continued care offers benefits in the larval 
life-stage. Considering the numerous origins of egg attendance and the broad distribution 
of environmentally cued hatching across animals (Warkentin 2011a, Smiseth et al. 2012), 
hatching plasticity may offer a new context in which to study parent-embryo interactions 
and coevolution in organisms where care is limited to the egg stage.  
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Evolutionary association of parental care and hatching plasticity 
 Our comparative analysis revealed that evolutionary extensions in care duration 
are associated with extensions in mean embryonic period. This is consistent with 
predictions from life history theory that selection should prolong offspring development 
in the life-stage receiving care (Shine 1978, 1989). However, the mechanism underlying 
these evolutionary changes is not an extension of a fixed or obligate embryonic period. 
Rather, evolutionary changes appear to result from the plastic extensions in development 
that embryos express under continued care. Regardless of parental care duration, all 
studied glassfrog embryos are capable of hatching from Gosner stage 23–25 (Delia et al. 
2014, 2017, Nokhbatolfoghahai et al. 2015, Chapter 5). Across species with prolonged 
care, evolutionary changes correspond to extensions in how long embryos can and do 
delay hatching beyond this obligate embryonic period. These changes are positively 
associated with evolutionary extensions in both the mean and plasticity of care 
durations—a pattern supporting that embryos are exploiting new opportunities resulting 
from evolutionary extensions in the facultative period of egg-care. In species where 
parents always abandon embryos near hatching competence (I. tayrona, C. aff. savagei), 
embryos might have hidden potential to extend embryonic development but, if so, it is 
not realized. Because longer embryonic periods are expressions of plasticity, not fixed 
states, they might evolve (and are expressed) in response to longer care periods, 
generating the evolutionary association. 
What, then, favors the extension of care periods? Glassfrog evolution is 
characterized by three transitions from brief female-only care to prolonged male-only 
	  	  
145 
care (Delia et al. 2017, Chapter 3). Transitions to male-care are associated with a 
reduction in maternally produced egg jelly, which limits the water-storage capacity of 
clutches and increases embryos’ need for prolonged care. Thus, once prolonged male care 
has evolved it may be stabilized and, potentially, further extended by maternal traits that 
alter embryo need (Chapter 3). Our results here support that larval-stage benefits, that 
accrue from extended embryonic development, may also enhance fitness and favor 
further care extension. However, neither egg- nor larval-stage benefits are sufficient to 
explain the substantial interspecific differences in prolonged care durations. Here, we 
found evidence that evolutionary extensions in care duration may result from mating 
dynamics. In several species of glassfrogs, parents attend one clutch at a time and stop 
reproductive activity during care periods; this occurs in a clade of Centrolene with male 
care (including C. aff. savagei) and in I. tayrona with female care (Bravo Valencia and 
Delia 2016, Delia et al. 2017, Chapter 3). In these species, parents usually terminate care 
just prior to hatching competence, and embryos exhibit only a short facultative 
embryonic period. In contrast, elaborate co-extensions in care and facultative embryonic 
periods occur in species where fathers continue mating and care for multiple broods 
during a nest cycle. We hypothesized that, in such species, males might plastically extend 
care periods in response to mating success or some associated factor, such as family size 
(brood value). 
Conflicts between mating and caring are thought to be a key factor constraining 
the evolution of male care (Trivers 1972). Conventional theory predicts that males should 
terminate care when mating prospects are high (Maynard-Smith 1977, McNamara et al. 
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2000, Kokko and Jennions 2008). We found the opposite to occur in glassfrogs. Across 
independent origins of male-only care, males responded to an experimental increase in 
mating rates by extending the duration of care to focal clutches and their entire nest (i.e., 
territory tenure). Treatment effects were striking—enhanced males provided on average 
85.7% and 92.6% more care to focal clutches than did males blocked from re-mating (H. 
colymbiphyllum and C. peristictum, respectively); they cared for weeks to months longer. 
These results demonstrate that mating success has a positive effect on male care—under 
natural field conditions across independent origins—and contributes to emerging research 
indicating that both natural and sexual selection may push exclusive male care in the 
same direction.  
The nature of this interaction is likely widespread in arthropods, fishes, and 
amphibians where providing care does not preclude mating opportunities and particular 
aspects of care, such as guarding a nest-site, do not depreciate with increasing brood size 
(Williams 1975, Clutton-Brock 1991, Gross and Sargent 1985, Lazarus and Inglis 1986, 
Manica and Johnston 2004). As mating success increases during a nest cycle, it 
presumably enhances the reproductive value of the nest and thus the benefits of extending 
care (Lazarus and Inglis 1986, Winkler 1987, Sargent 1988). Paternal effort is responsive 
to brood value in several teleost fishes, so that males provide better quality care to nests 
with more eggs (e.g., Sargent 1988, Sikkel 1994, Forsgren et al. 1996). Furthermore, the 
positive effects of mating on male-care levels have been argued to provide an adaptive 
mechanism for female choice of paternal males (Sargent 1988). Exclusive male care has 
evolved many times in amphibians (Beck 1998, Reynolds et al. 2002), a pattern long 
	  	  
147 
speculated to result from the low costs for territorial males that can mate and care for 
overlapping broods (Wells 1977, 2007, Summer and Tumulty 2013). To our knowledge, 
this is the first study in amphibians demonstrating that mating success has a positive 
influence on both male-care levels and territory tenure and among the few studies of any 
taxa that have examined how experimentally altered mating rates influence caring males 
under natural field conditions (e.g., Alonzo 2008).  
Our study supports the hypothesis that glassfrog embryos time hatching to exploit 
socially driven changes in male care. Social interactions between males and females 
determine the period of safety for nests, as focal embryos of mating-enhanced fathers 
experienced longer care periods and lower rates of mortality (in both species). Across 
independent origins of male care to multi-clutch families, embryos delayed hatching and 
more than doubled the duration of development in the nests of high-success fathers 
(104.2% and 113% beyond the obligate embryonic period). We attempted to spread out 
matings in our enhanced treatment by introducing gravid females several days or weeks 
after oviposition of the focal clutch. While overall brood value (clutch number) could 
change the quality of nightly care, extensions in care duration might simply depend on 
the needs of the youngest clutch in the cycle. Embryos will die without care during early 
development (i.e., they have an obligate care period), after which care becomes 
facultative (Delia et al. 2013, Chapter 3). With each mating there may be a sequential 
extension in care provided to the nest, thus older embryos can exploit the obligate care 
periods of their younger half-siblings. For males, guarding multiple clutches might not 
incur substantial costs over a single clutch. Most species of Hyalinobatrachium and 
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Centrolene with male care accumulate all their clutches on a single leaf or adjacent leaves 
(e.g., McDiarmid 1978, Valencia-Aquilar et al. 2012, Lehtinen et al. 2014, Chapter 3). 
Therefore, fathers only need to defend a single site from predators, as observed in many 
arthropods, teleost fishes, and amphibians (e.g., Williams 1975, Wells 2007, Requena and 
Machado 2014).  
Whether care is depreciable, the potential for half-sibling conflict, and the 
associated costs to males, may depend on the type of attendance behavior as well as 
environmental conditions. All studied species with prolonged care hydrate embryos by 
brooding eggs. This behavior involves repeated water-foraging trips, followed by 
brooding bouts to deliver it to individual clutches (similar to provisioning). In Mexican 
H. fleischmanni mating can conflict with brooding behavior under very dry conditions. 
During the 2009 El Niño, newly deposited clutches suffered increased mortality during 
temporary neglect if their fathers re-mated too soon, as pairs typically spend two nights in 
amplexus (Delia et al. 2013). However, paternal care in H. fleischmanni is unique 
compared to all other studied glassfrogs with prolonged care (i.e., it is derived within 
Hyalinobatrachium), as males do not guard eggs, clutches are often dispersed on multiple 
leaves throughout larger territories, and care exclusively functions to hydrate embryos 
(Delia et al. 2013, Chapter 3). It is possible that water provisioning, like food 
provisioning, depreciates with family size, whereas guarding a nest site can protect any 
number of clutches without extra cost.  
 Mating success changes the safety of nests, and thus the opportunity for extended 
embryonic development. This plastic interaction might provide a mechanism that aligns 
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maternal and embryo interests over optimal care levels, which raises the question of 
whether females selectively co-nest to induce longer guarding periods. If females exhibit 
the precursors necessary to assess relevant information, mating preferences can evolve 
when care behaviors reliably indicate paternal quality (Pampoulie et al. 2004, Lindström 
et al. 2006), if eggs in the nest indicate previous females’ decisions (choice copying; 
Alonzo 2008, Alonzo and Heckman 2010), or if paternal effort is responsive to mating 
success (Sargent 1988, Sikkel 1994, Forsgren et al. 1996, supported here). Elsewhere, we 
will test for maternal mating strategies, and explicitly evaluate how care changes with 
family size and the associated costs and benefits to males, females, and half-sibling 
embryos in H. colymbiphyllum. 
In the larger phylogenetic context, results of our mating-manipulation suggest that 
social interactions between males and females may be elaborating care duration across 
independent origins of exclusive male care. Treatment effects within H. colymbiphyllum 
and C. peristictum were of similar magnitude as observed interspecific differences. Our 
enhanced treatment produced co-extensions in care and embryonic period sufficient to 
explain the natural patterns observed in species with multi-clutch nests, whereas the 
blocked treatment resulted in care and embryonic periods similar to, or only slightly 
longer than, those observed in species that typically have single-clutch nests. Because this 
positive effect of mating success on care duration determines the quality of embryonic 
environments, social dynamics of parents may be a key source of variation influencing 
the evolution of hatching plasticity across species. Furthermore, plasticity in care and 
hatching may interact reciprocally over evolutionary time, as the retained possibility of 
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early hatching allows care to vary more without causing substantial embryo mortality, 
and the option of delaying hatching coverts extended care into direct benefits.  
 
How do embryos decide when to hatch? – While it is clear that embryos are responsive 
to conditions with and without parents, we do not know which cues embryos use to make 
hatching decisions. It is possible that embryos respond to indirect cues of abandonment, 
especially when parents terminate care prior to hatching competence (as in our removal 
treatment). In the absence of care, Eggs experience increased rates of predation and 
dehydration, and in H. fleischmanni embryonic waste becomes concentrated following 
abandonment (Méndez-Narváez and Delia unpublished). In several lineages of terrestrial 
frog eggs, embryos hatch early in response to predators and/or in drying eggs (e.g., 
Vonesh 2005, Gomez-Mestre et al. 2008, Touchon et al. 2010, Poo and Bickford 2014, 
Salica et al. 2017).  Physical disturbance can induce rapid hatching in glassfrogs 
(Lehtinen and Georgiadis 2012, Chapter 5), suggesting that embryos can respond to 
mechanosensory cues. Hatching responses to threat cues could provide a mechanism for 
embryos to exploit variation in parental behavior, since continued care protects embryos 
from these threats and the cues they provide. However, we cannot rule out use of direct 
parental cues. Parental presence could provide visual, tactile, chemical, and vibrational 
cues, and embryos of other taxa use these sensory modalities to inform embryo behavior. 
In particular, substrate-borne vibrations are a widely used sensory modality in anurans, 
facilitating communication between mates, competitors, and likely with larval offspring 
(Wells and Bard 1988, Wells 2007, Gridi-Papp and Narins 2010, Caldwell et al. 2010). A. 
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callidryas embryos use vibrations to assess risk and inform hatching decisions, and can 
distinguish benign from dangerous disturbances (Warkentin and Caldwell 2009, 
Warkentin 2011b). Glassfrog embryos are exposed to vibrational and tactile cues from 
parents during egg brooding and guarding, as well as during mate attraction and male 
combat at oviposition sites in species with male care. Stimuli from parents might inform 
embryos directly or alter their response to other cues. Preliminary research on H. 
colymbiphyllum suggests that embryos respond differently to disturbance by spider 
predators and fathers (Salazar-Nicholls, Warkentin, Delia unpublished), indicating that 
they can discern predator from parental cues. Glassfrogs offer a particularly interesting 
clade for comparative research on embryo decision-making, given the inter- and 
intraspecific variation in parental care. 
 
Conclusions – Our results provide a novel perspective on hatching plasticity as a critical 
trait enabling embryos to actively respond to family life. Many animals experience 
parental care only as eggs, and egg attendance has evolved numerous times in arthropods, 
fishes, amphibians, and amniotes (Clutton-Brock 1991, Smiseth et al. 2012). Hatching 
plasticity is ancient and widespread in animals, with documented cases from echinoderms 
to mammals (Warkentin 2011a). The fact embryos can adjust hatching age to exploit 
socially driven changes in care suggests that hatching plasticity may be important in other 
systems with variable egg care (e.g., many arthropods, fishes and amphibians). Research 
on hatching plasticity offers new prospects to test the generality of parent–offspring 
theory in simple ecological contexts and across a greater taxonomic breath of organisms.  
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TABLES AND FIGURES 
Table 4.1. Evolutionary associations between care duration and hatching plasticity. 
 
 
Table 4.2. The effect of parental removal on modal hatching timing. 
 
 
 
 
 
Source Model ss F r2 P value n
PIC: 2.27 12.25 0.65 0.017 7
Raw data: 0.12 18.80 0.75 0.0074
PIC: 2.16 8.34 0.60 0.044 6
Raw data: 0.52 21.45 0.80 0.0097
PIC: 1.92 6.03 0.50 0.07 6
Raw data: 703.61 124.07 0.96 0.00036
PIC: 8.38 15.17 0.73 0.017 6
Raw data: 0.27 3.14 0.30 0.15
Mean care*mean 
hatching
Mean care* hatching 
plasticity
Mean care* 
treatment shift
Care duration and hatching plasticty are calculated relative to the obligate 
period. LMs using phylogenetic independent contrasts (PIC) and raw data.
Variation in care* 
hatching plasticty
species χ2 p value N Range Removal  (days, %) Shift (%)
H. colymbiphyllum: 13.3 0.0003 56 7–20 12.61 (±0.63) 80.2 9.36 (±0.61) 33.7 46.5
reduced: 54 12.86 (±0.66) 83.7 50
H. fleischmanni: 6.8 0.009 33 7–19 12.36 (±0.75) 76.6 9.18 (±0.91) 31.1 45.5
reduced: 31 12.65 (±0.79) 80.7 49.6
C. peristictum: 21.6 3.41E-06 39 16–42 31.66 (±1.14) 97.9 23.6 (±1.25) 47.5 50.4
reduced: 37 32.77 (±1.22) 104.8 57.3
C. aff. savagei: 7.49 0.0061 31 17–34 26.73 (±1.18) 57.23 21.75 (±1.34) 27.9 29.33
reduced: 30 26.88 (±1.22) 61.75 33.85
Ikakogi tayrona: 3.44 0.063 34 16–33 23.63 (±1.03) 47.7 20.5 (±1.3) 28.1 19.6
reduced: 4.44 0.035 30 24.22 (±1.16) 51.4 23.3
GLM Hatching timing (days and relative exensions)
Control  (days, %)
 The effect of parent-removal on modal hatching time. Results are from Poisson GLMs comparing control 
vs. removal treaments. Hatching timing for treatments are mean days (±se), and % extensions in 
embryonic periods (relative to the obligate period of development) calculated from models. Analyses were 
performed on two datasets, one including all controls and a reduced dataset in which contols abandoned 
early were removed.  
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Table 4.3. PCA of hatchling phenotypes 
 
 
 
 
 
 
 
 
 
 
 
 
 
   -Parental removal PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10
SqR Eigenvalue: 2.513 1.506 0.706 0.526 0.468 0.370 0.337 0.317 0.262 0.068
Prop. Variance: 0.631 0.227 0.050 0.028 0.022 0.014 0.011 0.010 0.007 0.000
Total length (TL): 0.381 -0.144 0.029 -0.067 -0.230 0.343 0.142 -0.187 0.094 -0.771
Tail length (TAL): 0.371 -0.173 0.052 -0.075 -0.263 0.470 0.140 -0.297 0.170 0.630
Tail musc. width (TMW): 0.311 0.045 0.826 0.312 0.034 -0.336 0.019 -0.077 0.028 0.015
Yolk sac width (YSW): 0.290 0.390 -0.344 0.037 -0.166 -0.422 -0.183 -0.189 0.607 0.002
Head width (HW): 0.366 -0.077 -0.362 0.143 -0.020 -0.403 0.447 -0.197 -0.551 0.059
Tail musc. Height (TMH): 0.376 0.023 -0.028 -0.244 0.201 0.039 -0.759 -0.161 -0.392 0.010
Tail heigth (TH): 0.362 -0.051 -0.007 -0.376 0.697 0.005 0.289 0.301 0.254 0.026
Yolk sac length (YSL): 0.246 0.476 0.079 -0.227 -0.441 0.074 0.071 0.634 -0.215 0.053
Head length (HL): 0.261 -0.426 -0.226 0.603 -0.010 0.068 -0.237 0.511 0.116 0.027
Gut coil number (GC): -0.038 -0.615 0.084 -0.505 -0.357 -0.443 -0.077 0.131 0.104 0.019
   -Mate manipulation PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10
SqR Eigenvalue: 2.704 1.387 0.492 0.425 0.380 0.262 0.246 0.201 0.158 0.066
Prop. Variance: 0.731 0.192 0.024 0.018 0.014 0.007 0.006 0.004 0.003 0.000
Total length (TL): 0.345 0.220 0.211 -0.273 0.170 -0.229 0.185 -0.001 -0.025 0.773
Tail length (TAL): 0.324 0.302 0.226 -0.453 -0.011 -0.119 0.237 -0.144 -0.388 -0.554
Tail musc. width (TMW): 0.358 0.039 -0.053 -0.093 0.073 0.915 0.009 0.111 -0.003 0.064
Yolk sac width (YSW): 0.312 -0.340 0.274 0.143 -0.384 -0.044 -0.548 -0.052 -0.474 0.120
Head width (HW): 0.352 -0.041 0.166 0.239 -0.634 -0.066 0.421 0.135 0.428 -0.073
Tail musc. Height (TMH): 0.362 -0.035 0.013 -0.026 0.215 -0.069 -0.350 -0.624 0.535 -0.132
Tail heigth (TH): 0.340 0.098 -0.549 0.540 0.126 -0.100 0.258 -0.246 -0.358 0.030
Yolk sac length (YSL): 0.264 -0.454 0.326 0.229 0.585 -0.123 0.144 0.384 0.036 -0.195
Head length (HL): 0.312 0.339 -0.379 -0.091 -0.006 -0.225 -0.444 0.590 0.159 -0.119
Gut coil number (GC): -0.115 0.640 0.497 0.531 0.108 0.096 -0.161 0.004 -0.008 -0.037
Principle components of hatchling phenotypes from the parental removal experiment (5 spp) top, and mate 
manipulation experiment (2 spp) bottom.
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Table 4.4. Effects of parental removal on the rate of embryonic development. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Species Source ss F P value χ2 P value N
H. colymbiphyllum treatment: 0.03 0.12 0.72 0.14 0.7 30
hatching age: 11.56 46.33 3.18E-07 5.64 0.017
treatment*hatching age: 0.6 2.41 0.13 3.71 0.054
H. fleischmanni treatment: 0.63 3.45 0.07 1.68 0.19 33
hatching age: 16.88 92.23 1.64E-10 4.56 0.03
treatment*hatching age: 0.12 0.68 0.414 1.97 0.15
C. aff. savagei treatment: 1.01 1.33 0.25 0.28 0.59 26
hatching age: 24.87 32.8 9.26E-06 8.07 0.0044
treatment*hatching age: 0.27 0.36 0.55 0.78 0.37
C. peristictum treatment: 0.023 0.04 0.82 0.37 0.54 23
hatching age: 38.6 80.2 3.01E-08 7.8 0.0052
treatment*hatching age: 0.19 0.39 0.53 0.7 0.4
I. tayrona treatment: 4.52 6.52 0.017 0.05 0.8 29
hatching age: 13.98 20.18 0.00013 9.17 0.0024
treatment*hatching age: 0.04 0.05 0.811 2.89 0.08
Total length (LM) Gut coil (GLM)
 Effects of parent removal on the rate of embryonic development, measured as total length 
(mm) and number of gut-coils  
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Table 4.5. Effects of mating manipulation on embryo mortality 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results are from LRT (df  = 1) comparing nested beta-
binomial GLMs with and without treatment effects.
Spp. Source χ2 p value n
Total -3.46 0.062 43
Dehydration -1.39 0.23
Predation -4.14 0.041
Fungus - -
Fly -3 0.082
Devel. abnormalities -0.7 0.4
Flood/Rainstripped - -
Total -4.42 0.0355 28
Dehydration - -
Predation -3.09 0.078
Fungus -2.89 0.088
Fly - -
Devel. abnormalities -0.18 0.66
Flood/Rainstripped 0 1
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Figure 4.1. Evolutionary associations between changes in parental care and hatching plasticity. 
Parental care and hatching plasticity are calculated relative to the obligate embryonic 
period. Colors show family structure: green = multi-clutch, black = single clutch. Mean 
hatching time and mean care duration (top left), magnitude of hatching plasticity and 
mean care duration (top right), magnitude of care duration and hatching plasticity 
(bottom left), and relative shifts in hatching timing between control and parent-removal 
treatments and care (bottom right). Lines are estimated from PGLS models. 
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Figure 4.2. The effects of parental removal on hatching timing and hatchling phenotypes in 5 species.  
Left column: differences in the modal age of hatching of individual clutches between 
removals (grey) and controls (green); grey-green indicates overlap between the two 
treatments. Dots with error bars show treatment mean ± se calculated from GLMs. 
Middle column: the influence of the last day of care on modal hatching age for individual 
clutches; lines (dotted show ± se) are estimated from GLMs without treatment 
interactions. Right column: box and whisker plots of principle component values 
summarizing hatchling phenotypes for each treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Effects of mating success on hatching timing and parental care duration.  
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Hatching time (left), care period to focal clutches (middle), nest cycle duration (right). 
Red dotted lines indicate hatching competence of the focal clutch. Dots and error bars 
show mean ± se calculated from GLMs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Effects of mating success on hatchling survival and phenotypes. 
Left: proportion of embryo mortality and specific sources of mortality (mean ± se across 
clutches). Right: box and whisker plots of principle component values summarizing 
hatchling phenotypes between treatments. 
.
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CHAPTER FIVE: HATCHING PLASTICITY AND THE ADAPTIVE BENEFITS 
OF EXTENDED EMBRYONIC DEVELOPMENT IN GLASSFROGS 	  
This chapter is in review: 
Delia J, Rivera-Ordonez JM, Salazar Nicholls MJ, Warkentin K. Hatching plasticity and 
the adaptive benefits of extended embryonic development in glassfrogs. Evolutionary 
Ecology. 	  
ABSTRACT 
Phenotypic plasticity in hatching age has been widely documented in animals. A growing 
body of research indicates that embryos can rapidly hatch to escape egg-stage risk. 
However, fewer studies have tested whether selective tradeoffs in post-hatching stages 
favor trait plasticity. We assessed hatching plasticity and its fitness consequences in five 
species of Neotropical glassfrogs (Centrolenidae). Glassfrog embryos develop on 
terrestrial vegetation and larvae in benthic stream sediments; thus hatching involves a 
dramatic habitat shift, when hatchlings must dive past stream fish to reach larval refuges. 
We found all five species have extensive plasticity in hatching age and can delay 
hatching to more than double their minimum embryonic period. Along a stream in 
Panama, we find evidence that early hatching is induced by the risk of embryo predation, 
dehydration, and fungal infections. Differences in hatching timing were coupled with 
changes in hatchling phenotypes, such that younger hatchlings were smaller and less 
developed than older individuals. To assess locomotor function we measured diving 
speed, a key performance trait for newly hatched larvae. Older hatchlings dove 1.4–4.8 
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times faster than younger ones, which would reduce their exposure to predators in the 
water column. To assess the potential for exotrophic growth, we measured digestive 
system morphology and feeding onset across hatching ages. Younger hatchlings had 
intact yolk sacs and spent 4.5–6 days as larvae before feeding, while older hatchlings 
entered the water with well-developed guts and fed immediately. Therefore, while early 
hatching enables embryos to escape egg-stage risk, it is associated with performance 
costs and a lag before feeding in the larval stage. We recovered consistent results across 
multiple genera of glassfrogs, supporting that hatching plasticity is widespread, ancient, 
and has evolved due to shared selective trade-offs in this family. 
 
INTRODUCTION 
Phenotypic plasticity in the age and/or developmental stage of hatching is widespread in 
animals (Martin 1999; Warkentin 2011a). It results from multiple processes, ranging 
from inevitable effects of the environment that alter the duration of the egg stage (e.g., 
thermal effects on embryogenesis), to sophisticated embryo adaptations that improve 
survival in dynamic environments (Warkentin 2007, 2011b). The evolution of adaptive 
hatching plasticity depends, in part, on selective trade-offs across life stages, such that the 
optimal time to hatch is contingent on environmental conditions (Via and Lande 1985; 
Moran 1992). This form of plasticity can be evaluated using theory on life-history 
transitions (e.g., metamorphosis, Wilbur and Collins 1973), which predicts that natural 
section should optimize the ratio of growth to mortality in each life stage and thereby 
reduce time spent in more dangerous or less productive stages (Williams 1966; Shine 
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1978; Werner & Gilliam 1984). When stage-specific costs or benefits vary, selection can 
favor plasticity in the timing of life-stage transitions (Wilbur and Collins 1973; Werner & 
Gilliam 1984; Werner 1986; Day and Rowe 2002). A growing number of studies 
document that embryos hatch earlier in response to egg-stage risk, such as predators, 
pathogens, and abiotic hazards (reviewed by Warkentin 2011a,b). However, fewer studies 
have assessed if or how selection in post-hatching environments favors plastic extensions 
in embryonic development.  
Hatching plasticity is widespread in amphibians, with environmentally cued shifts 
documented in at least 15 families (Warkentin 2011b; Van Buskirk 2016; Poo and 
Bickford 2014). In many cases, these shifts match directional predictions based on stage-
specific risk and confer immediate survival benefits, such as accelerating hatching to 
escape egg-stage predators (e.g., Warkentin 2011b; Van Buskirk 2016). In contrast, 
selective tradeoffs across life-stages have been evaluated in fewer amphibian families 
(e.g., Eleutherodactylidae: Buckley et al 2005; Hylidae: Touchon and Warkentin 2010; 
Touchon et al. 2011; Hyperoliidae: Vonesh 2005; Vonesh and Bolker 2005; 
Phyllomedusidae: Warkentin 1995; Gomez-Mestre et al 2008; Ranidae and Bufonidae: 
Gomez-Mestre et al 2006). Thus, while the adaptive value of the induced trait may be 
evident, it is less clear whether selection opposes such shifts in other environments. 
Multiple lineages of amphibians have independently evolved terrestrial eggs, 
while retaining aquatic larvae (Gomez-Mestre et al 2012). This separation of egg and 
larval habitats should enable embryos to avoid dangers in the water by remaining in their 
terrestrial egg, and to escape terrestrial threats to eggs by fleeing to the water. Moreover, 
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it facilitates the identification of stage-specific selective factors and experimental tests of 
how hatching timing affects fitness correlates. In Agalychnis callidryas, for example, 
early hatching allows embryos to escape multiple egg-stage risks (Warkentin 1995, 2000; 
Warkentin et al 2001; Salica et al 2017). However, younger hatchings experience higher 
rates of aquatic predation relative to older hatchlings and, in some contexts, relatively 
lower viability even without predation (Warkentin 1995; Touchon et al 2013; Willink et 
al 2014). Such tradeoffs are likely relevant and possibly widespread for species with 
semi-terrestrial reproductive modes, where hatching is coupled with an ecological niche-
shift as individuals move from land to water (Vonesh and Bolker 2005; Touchon and 
Warkentin 2010; Poo and Bickford 2014).  
In this study we document the existence of hatching plasticity and examine its 
fitness consequences in five species of Neotropical glassfrogs (Centrolenidae). These 
frogs have a semi-terrestrial reproductive mode, where embryos develop in eggs on 
vegetation and rocks above streams, and larvae develop in the water until metamorphosis. 
There is evidence in some species that embryos accelerate hatching in response to egg-
stage risk, as early hatching has been documented in association with clutch mortality 
(Hawley 2006), physical disturbance (Lehtinen and Georgiadis 2012), and early parental 
abandonment (Delia et al 2014). Less is known about whether larval environments favor 
plastic extensions in embryonic development. In at least two species of 
Hyalinobatrachium, differences in hatching age are coupled with the size and 
developmental stage of hatchlings (Delia et al 2014; Nokhbatolfoghahai et al 2015); thus, 
it is possible that early hatching carries performance costs in the larval stage. Many 
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glassfrog larvae face immediate risk of predation when they first enter the water. 
Tadpoles appear to inhabit benthic sediments and leaf packs along slower sections of 
streams (e.g., Villa and Valerio 1982; Hoffman 2010). At our study site in Panama, we 
have observed hatchlings immediately dive to the stream bottom, then travel along or 
take cover in gravel and leaf litter. We have also observed the abundant fish Poecilia 
gillii readily capturing hatchlings as they dove through the water column (Figure 5.1, 
Delia and Bravo-Valencia unpublished). In the absence of egg-stage risk, delaying 
hatching could improve the development of swimming-related traits used to escape 
aquatic predators. In addition to changing risks, hatching offers access to external food 
resources. In at least Mexican H. fleischmanni, substantial gut development occurs during 
the facultative embryonic period, during which an intact yolk sac is converted into a 
presumably functional digestive system (based on the presence of a lumen in the gut-coils 
of preserved hatchlings, Delia et al 2014). If the egg-stage is safe, delaying hatching 
could allow embryos to maximize growth and development on maternal yolk. However, 
once the digestive system has developed enough to enable feeding, hatching may confer a 
growth benefit, particularly if yolk is depleted.   
In contrast to other well-studied frogs with hatching plasticity, glassfrogs also 
exhibit parental care of eggs and embryos alter hatching timing in response to parental 
abandonment. Parental care appears ubiquitous in centrolenids, characterized by two 
distinct durations of egg attendance—some species provide a single night of egg 
brooding following oviposition, while others continue care throughout much of 
embryonic development (Delia et al 2017). Prolonged care has evolved repeatedly in this 
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family, and among and within such species the duration of care varies widely. Elsewhere, 
we found embryos hatch early when abandoned, but delay hatching under continued 
parental care—including in the two species of Hyalinobatrachium studied here (Delia et 
al 2014; Chapter 4). Variable parental care is thought to alter selection on offspring traits 
that increase the efficiently with which care is converted into offspring benefits (e.g., 
begging, Kölliker et al 2012). Considering the variable nature of parental care, hatching 
plasticity could provide a mechanism that converts facultative extensions in care into 
direct offspring benefits. Testing this hypothesis requires information on selection in the 
post-hatching stage. 
 We studied five species of glassfrogs from three genera, two with prolonged 
paternal care (Hyalinobatrachium colymbiphyllum and H. fleischmanni) and three with 
brief maternal care (Cochranella granulosa, Teratohyla pulverata, and T. spinosa). First, 
we monitored natural patterns of hatching in the field to assess the presence and extent of 
hatching plasticity. We found evidence that early hatching is induced by the risk of 
embryo mortality, using direct observations of attacks on clutches and comparisons of 
hatching age between undisturbed clutches and those that suffered mortality. To examine 
potential benefits of delayed hatching for the larval stage, we tested how hatching age 
affects diving speed—a key performance trait that determines how long hatchlings are 
exposed to fish in the water column before reaching refuge in the stream bottom. In 
addition, we tested how hatching age affects the onset of feeding, which determines when 
larvae begin to benefit from access to external food resources. We predict that delaying 
hatching provides a performance benefit relevant to hatchling survival, and that 
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undisturbed hatchlings will remain in the egg until they can gain a nutritional benefit 
from hatching.  
 
METHODS 
We monitored and collected egg clutches of all five species along Rio Frijoles in Parque 
Nacional Soberanía near the Smithsonian Tropical Research Institute (STRI) in Gamboa, 
Panamá. Field monitoring occurred from June to October 2011–2013, and field 
collections for lab experiments in Gamboa from June to November of 2016. 
 
Field monitoring – We monitored nightly breeding activity of adults along stream 
transects, locating pairs in amplexus and recording the date and locations of their 
clutches. When we did not observe oviposition, clutch age was determined based on 
when embryos reached Gosner (1960) stage 17, which occurs 2.5–3 days past oviposition 
at this site (Chapter 3). To determine natural variation in hatching age, we followed a set 
of clutches in the field for each species, checking them nightly until all embryos either 
hatched or died (C. granulosa n = 19, H. colymbiphyllum n = 30, H. fleischmanni n = 20, 
T. pulverata n = 25, T. spinosa n = 20). We determined hatching timing using small 
plastic cups attached beneath clutches with small-gauge wire to catch hatchlings (sensu 
Hayes 1983). Here, we present data on hatching age for these clutches; more detailed 
information on embryo mortality, including additional clutches with complete mortality, 
has been analyzed elsewhere (Delia et al 2017; Chapter 3).  
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Hatching age manipulation – To evaluate how hatching timing affects the larval life-
stage, we conducted laboratory trials to assay swimming performance and onset of 
feeding for larvae hatched at two different ages. For the early treatment, hatching age was 
7.5 days, about 0.5 days after the onset of hatching competence (in all species). For four 
species, the late treatment was age 14.5 days, near the mean spontaneous hatching age 
under good conditions (i.e., adequate rain/no predation; see results). The late treatment 
for H. colymbiphyllum was age 15.5 days, based on the mean hatching age of embryos 
with continued paternal care (Delia unpublished). Clutches were left to develop in the 
field until 2–4 days prior to treatment, then transported to an open-air laboratory at STRI 
in Gamboa. Clutches were misted at set intervals using an automated misting system to 
maintain hydration. We induced embryos to hatch by jiggling them with a plastic pipette 
or forceps between 11:00–14:00 h; glassfrog embryos hatch in response to physical 
disturbance and predators (Delia unpublished). For some early-treatment embryos that 
were less responsive to this stimulus, we manually decapsulated them to speed the 
process; these were confirmed to be hatching-competent based on their developmental 
stage (Gosner 1960 stages 24–25). 
 
Hatchling phenotypes – To assess hatchling morphology, we preserved a subset of 
individuals from each hatching-age treatment in 9% formalin immediately after hatching. 
We photographed specimens in ventral and lateral view with a scale, using a Canon 
DSLR with a MPE-65 mm macro lens, then measured morphological features from 
images using ImageJ 1.48v (NIH). We measured 10 features of external morphometry 
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and internal organ development for each individual; total length (TL), tail length (TAL), 
tail height (TH), tail musculature height and width (TMH, TMW), head length and width 
(HL, HW), yolk length and width (i.e., undivided sac or yolk-filled gut coils; YL, YW), 
and the number of gut-coil rotations (GC; to the nearest quarter rotation). We were 
unable to accurately assess gut-coil development in C. granulosa (without dissection) due 
to the opaque venter of preserved hatchlings in this species, and therefore only compare 
the first 9 measures. 
 
Diving performance – For an ecologically relevant measure of locomotor performance, 
we compared diving (swimming) speed between hatching-age treatments. We conducted 
diving trials in plastic buckets with a clear observation panel in one side, filled to a depth 
of 32 or 36 cm with aged tap water. For each trial, we induced an individual to hatch, 
then immediately dropped it from near the surface into the water. We recorded the 
amount of time it took to swim to the bottom of the bucket, to the nearest 0.01 sec. Upon 
entering the water, all hatchlings immediately dove, swimming continuously or 
swimming and coasting until reaching the bottom. We tested 5–7 individual hatchlings of 
the same age from each clutch (C. granulosa nclutches = 18, nhatchlings = 50 early and 55 late; 
H. colymbiphyllum nclutches = 24, nhatchlings = 60 early and 60 late; H. fleischmanni nclutches = 
18, nhatchlings = 50 early and 50 late; T. pulverata nclutches = 13, nhatchlings = 65 early and 45 
late; T. spinosa nclutches = 14, nhatchlings = 72 early and 72 late).  
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Onset of feeding – We measured the onset of feeding to determine when individuals 
begin to benefit from access to external resources. We placed each hatchling into an 
individual cup with aged tap water and a small amount of detritus (soil) and checked 
them twice daily for signs of feeding, at 11:00–14:00 h and 20:00–23:00 h. Conveniently, 
the venters and gut coils of glassfrog tadpoles are transparent to semi-transparent in life, 
which allowed us to assess if they had begun feeding with minimal disturbance. We 
gently captured tadpoles with a large, clear plastic pipette, and examined their gut coils 
for detritus, looking from below with a hand lens. In the early treatment, we observed that 
no tadpoles began feeding prior to 12 days post-oviposition. Therefore, we reduced 
checks to once daily prior to age 11.5 d to further reduce disturbance. We assayed 3–5 
hatchlings of the same age from each clutch (C. granulosa nclutches = 21, nhatchlings = 30 
early and 33 late; H. colymbiphyllum nclutches = 21, nhatchlings = 31 early and 30 late; H. 
fleischmanni nclutches = 20, nhatchlings = 29 early and 30 late; T. pulverata nclutches = 15, 
nhatchlings = 36 early and 26 late; T. spinosa nclutches = 20, nhatchlings = 43 early and 41 late). 
 
Statistical analyses – All statistical analyses were conducted in R version 3.3.3 (R Core 
Team 2017). For field-monitored clutches, we calculated the modal hatching age of 
individual clutches, estimated means (±se) of modal hatching age across clutches, and 
calculated the range of hatching ages within clutches as first–last day of hatching. We 
used Mann-Whitney U tests to compare the modal hatching age for disturbed clutches 
that experienced mortality from predation, dehydration, and/or fungal infection to 
undisturbed clutches with no evidence of mortality from these sources. For this analysis, 
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we did not consider developmental abnormalities or eggs falling off clutches during rain 
as sources of disturbance, since these do not indicate a threat to remaining embryos. For 
diving and feeding assays, we used separate mixed models for each species to make two-
way comparisons between hatching-age treatments, while accounting for clutch-of-origin 
random effects (multiple hatchlings from the same clutch) in the package lme4 (Bates et 
al 2015). Diving speed was calculated as cm per second, and modeled using a Gaussian 
error distribution with the lmer function. For the onset of feeding parameters, we 
modeled the number of observation-intervals (2 per day) until feeding using a Poisson 
error distribution with the glmer function. We compared the number of observation 
intervals until feeding from both hatching and oviposition, estimated effect sizes from 
these models, and converted to number of days for presentation. We computed P values 
using likelihood ratio tests (LRT) comparing nested models with and without the age-
treatment predictor (df = 1). To compare hatchling phenotypes between age treatments, 
we used principle component analyses (PCA) to summarize the measured features of 
hatchling phenotypes for each species with the prcomp function, and compared principle 
components (PC) between groups using t tests.     
 
RESULTS 
Natural timing of hatching – In all five species the earliest detected hatching in the field 
occurred at age 7 days, at Gosner (1960) stages 23–25. The latest detected hatching 
varied among species from age 19–21 d (Table 5.1). The average modal timing of 
hatching for all clutches ranged from 12.1–12.56 d across species; however, undisturbed 
	  	  
171 
clutches hatched significantly later than disturbed clutches in four species (Table 5.1, 
Figure 5.2). We did not detect any difference for C. granulosa, but the sample size of 
undisturbed clutches was very small for statistical comparisons (n = 4). Using the earliest 
hatching detected to estimate the minimum (obligate) embryonic period, average relative 
delays in hatching for undisturbed clutches range from 75–112.6% beyond the obligate 
embryonic period across species, with maximum delays (latest hatching) up to 171–
200%.  
Escape hatching observations – Over the course of fieldwork we observed that 
embryos hatch rapidly and escape during attacks by invertebrate and vertebrate predators 
(Figure 5.1). We directly observed attacks by anyphaenid spiders, katydids, and/or ants 
(Azteca, Camponotus, and a species of formicine) on both species of Hyalinobatrachium, 
C. granulosa, and T. spinosa; embryos escaped in most cases, except when embryos were 
not yet hatching competent. For T. pulverata, we did not directly observe attacks, but 
found spiders on clutches and early hatchings in cups. We also directly observed embryos 
rapidly hatching, and escaping, during attacks by cat-eyed snakes, Leptodeira 
septentrionalis, in both species of Hyalinobatrachium. Predators including ants, snakes, 
and katydids can consume entire clutches and multiple clutches within hours. Others such 
as spiders eat fewer embryos in an evening, but continue to feed on the same clutch over 
multiple nights until all embryos hatch or are captured.   
 
Hatchling phenotypes – Principle components analyses of hatchling phenotypes found 
that PC1 accounts for 54 to 73% of the total variance, with moderately positive 
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component loadings for 3–7 measures of body size (Table 5.2). In addition to size 
measures, gut-coil number loaded positively on PC1 (32–40%) for all species except C. 
granulosa, for which we were unable to gather data on gut-coils. Total length (5 species) 
and gut-coil number (4 species) loaded most heavily on PC1. Therefore, this component 
can be interpreted as a measure of overall size and development, with higher values 
indicating larger individuals with more gut coils. In T. pulverata, yolk length loaded 
moderately and negative on PC1, such that higher values also indicate shorter yolk 
lengths. The remaining 3–7 measures loaded on PC2 for all species, which accounts for 
13.7 to 37% of total variance (Table 5.2); the measures and directions of component 
loading varied among species. However, yolk length and width loaded most heavily on 
PC2 for all but T. pulverata. All other PCs each accounted for less than 5.0% of total 
variance (Table 5.2).  
Early hatchlings had significantly lower PC1 scores (i.e., were smaller and less 
developed) than late hatchlings in all species, whereas differences between PC2 scores 
were non-significant (Figure 5.3); C. granulosa: PC1 t17.99 = -11.79, p = 6.812e-10, and 
PC2 t17.92 = -0.01, p = 0.98, n = 20; H. colymbiphyllum: PC1 t18.35 = -14.86, p = 1.109e-
11, and PC2 t14.23 = 0.39, p = 0.69, n = 26; H. fleischmanni: PC1 t12.32 = -7.56, p = 5.614e-
06, and PC2 t17.29 = -1.55, p = 0.13, n = 20; T. pulverata: PC1 t8.6 = -7.68, p = 3.923e-05, 
and PC2 t9.09 = 0.96, p = 0.36, n = 14; T. spinosa: PC1 t17.11 = -13.29, p = 1.895e-10, and 
PC2 t16.6 = 1.11, p = 0.27, n = 20. 
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Diving performance – In all 5 species, older hatchlings (14.5 or 15.5 d) swam 
significantly faster than the younger hatchlings (7.5 d; Figure 5.4, Table 5.3). The 
developmental increase in average diving speed ranged from 3.9–11.94 cm/sec across 
species, with older hatchlings diving 1.4–3.8 times as fast as younger hatchlings.   
 
Onset of feeding – Post-hatching delays until feeding were significantly longer for early 
hatchlings in all five species (Figure 5.4, Table 5.4). Food was evident in most late-
hatchling’s guts within 12–24 h after hatching, indicating that these animals fed 
immediately or shortly after hatching. In contrast, early hatchlings spent on average 4.5–
5.9 days developing in the larval stage before feeding, with average post-hatching delays 
5.0 to 7.9 times longer than those of late hatchlings.  
While post-hatching delays were longer for early hatchlings, overall they began 
feeding at a younger age than late hatchlings. Early hatchlings began feeding at 12–13.45 
days old, before animals from the late-hatching entered the water (at 14.5 or 15.5 d); on 
average 1.8–4.04 days sooner depending on the species (Figure 5.4, Table 5.5).  
 
 
DISCUSSION  
We found evidence that hatching plasticity is widespread and adaptive in glassfrogs. All 
five species studied exhibit an extensive facultative embryonic period. Early hatching 
was associated with clutch mortality and directly observed during predation events, 
supporting that accelerated hatching helps embryos escape egg-stage risks. Our results 
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also support that selection in the larval environment favors plastic delays in hatching. 
Morphological analyses revealed that differences in hatching timing are coupled with 
changes in hatchling phenotypes, such that younger hatchlings are smaller and less 
developed than older ones. Hatchling early incurs a performance cost in the larval stage, 
as diving speed of older hatchlings is much faster than that of younger individuals. This 
has direct relevance to larval survival in streams, where hatchlings entering the water 
must dive past predatory fishes to reach refuge in the benthos. Early hatchlings also 
spend on average 4.5–6 days as larvae before they can begin feeding—thus gain no 
immediate benefit from access to external food—whereas late-hatching individuals enter 
the water capable of feeding. Therefore, delaying hatching in safe eggs maximizes 
embryo growth and development on yolk reserves, which improves a key larval 
performance-trait and reduces time until larvae begin to benefit from food resources. We 
recovered consistent results across multiple genera of centrolenids, supporting that 
hatching plasticity is widespread, likely ancient, and has evolved due to shared selective 
trade-offs in this family. 
 Glassfrogs exhibit substantial plasticity in hatching age. All five studied species 
are capable of hatching at 7 days old, but can delay hatching until 19–21 days—doubling 
to tripling their embryonic period. Based on the onset of hatching competence, 
undisturbed clutches exhibited average facultative delays of 75–112.7% and maximum 
delays of up to 171–200% across species (based on latest detected hatching in field 
clutches). We likely underestimated average shifts because our criterion for classifying 
clutches in the field as “undisturbed” was that we detected no externally caused embryo 
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mortality. This would not exclude clutches from which all embryos successfully escaped 
biotic or abiotic risk by hatching early. The magnitude of hatching plasticity in 
centrolenids is large compared to other semi-terrestrial breeding frogs that hatch in 
response to predators, pathogens, and abiotic threats (reviewed by Warkentin 2011b). For 
example among sympatric species at our study site in Panama, Agalychnis callidryas 
exhibit maximum delays of 100% and Dendropsophus ebraccatus of ca.160% 
(Warkentin et al 2017; Touchon et al 2011). Moreover, due to the slower development of 
glassfrogs, their facultative embryonic periods are also absolutely long. At our study site, 
hatching-competent glassfrogs may spend weeks in ovo exposed to egg-stage threats, 
while arboreal treefrog eggs spend no more than 2 days (D. ebraccatus, Touchon and 
Warkentin 2010; Touchon et al 2011; K. Cohen unpublished) or 4 days (A. callidryas, 
Warkentin et al 2017).  
 While we did not experimentally test cued-hatching responses, our results support 
that embryos hatch in response to biotic and abiotic risk. Egg dehydration and predation 
are the two most common causes of embryo mortality for all five glassfrog species at this 
site, on average accounting for 56–89% of total mortality during the egg-stage (Delia et 
al 2017; Chapter 3). Field-monitored clutches that experienced these sources of mortality 
hatched earlier than did undisturbed clutches. The only exception was C. granulosa, but 
only four clutches remained undisturbed, which limited analysis. We directly observed 
rapid early hatching during attacks by several kinds of invertebrate and vertebrate 
predators in all species except T. pulverata. Predators and egg-dehydration are known to 
induce escape hatching across clades of arboreal-breeding frogs with aquatic larvae, 
	  	  
176 
including the Hylidae (Touchon and Warkentin 2010; Touchon et al 2011), Hyperoliidae 
(Vonesh 2005), Phyllomedusidae (Warkentin 1995; Gomez-Mestre et al 2008; Salica et 
al 2017), and Rhacophoridae (Poo and Bickford 2014). Similar risks to terrestrial frog 
eggs may have promoted convergent or parallel cued-hatching mechanisms across 
repeated origins of terrestrial oviposition. More experimental research in glassfrogs is 
needed to assess hatching responses to particular cues, the associated mechanisms 
enabling cued hatching, and whether either varies among species.  
We found that extended development in ovo improves an ecologically relevant 
performance trait. Across species, 14.5–15.5 day-old hatchlings dove on average 1.4–3.8 
times as fast as 7.5 day-old hatchlings. Burst swimming speed correlates with escape 
success from predators in tadpoles of many species (e.g., Watkins 1996, Dayton et al. 
2005, Teplitsky et al. 2005). In glassfrogs, diving speed affects the time needed for 
hatchlings reach refuge in the stream bottom and, consequently, their exposure to 
predatory fishes in the water column. The study stream in Panama hosts a diversity of 
fishes (Rio Frijoles, Angermeier and Karr 1983), and egg clutches can be laid over water 
up to several meters deep. We observed poeciliid fishes (including P. gillii) catching and 
consuming hatchlings as they dove through the water in Rio Frijoles. In H. 
colymbiphyllum, older hatchlings have greater success in escaping from P. gillii than do 
younger individuals (Delia unpublished). The enhanced diving performance associated 
with prolonged embryonic development seems likely to confer a survival advantage for 
hatchlings of the other species as well—although this needs to be tested. Our results are 
consistent with some studies evaluating the adaptive benefits of delayed hatching to the 
	  	  
177 
post-hatching stage. Research on phyllomedusid frogs found that older, more developed 
hatchlings are better at escaping multiple larval-stage predators (Warkentin 1995; 
Gomez-Mestre et al 2008). Older, more developed hatchlings of the direct-developing 
Coqui frog (Eleutherodactylus coqui) have better jumping performance, which may be 
beneficial to escape predators on the forest floor (Buckley et al 2005). In species with 
smaller magnitude shifts, studies have found mixed results as to whether there are 
immediate survival costs of premature hatching (e.g., Gomez-Mestre et al 2006; Touchon 
and Warkentin 2010). There is also some evidence that costs of early hatching can appear 
later in development (Vonesh and Bolker 2005; Touchon et al 2013) 
We found that older hatchlings gain immediate foraging benefits when they enter 
the larval stage. Younger hatchlings receive no such benefits at hatching, as they are 
unable to feed until on average 4.5–5.9 days later. This difference in feeding onset is a 
direct consequence of digestive-system development that occurs during the facultative 
embryonic period; at hatching competence all species exhibit an intact yolk sac, which is 
converted into a functioning digestive system during the plastic embryonic period. 
Therefore, delaying hatching allows embryos to maximize growth and development on 
maternal yolk in ovo and hatch ready to forage. Like other amphibians, young glassfrog 
hatchlings do not lose access to their remaining yolk reserves. However, a post-hatching 
delay until feeding means they cannot yet accrue external resources for exotrophically 
based growth. In A. callidryas, even the oldest hatchlings are unable to feed immediately, 
although older hatchlings are substantially closer to the onset of feeding competence 
(Warkentin 1999). The inability of younger hatchlings to feed is not a cost of early 
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hatching, but it reveals that there is no resource-acquisition benefit to be gained by 
hatching at that stage. Prematurely hatched A. callidryas develop faster than embryos of 
the same age, perhaps due to metabolic constraints in the egg, and compensatory growth 
may extend for some time into the larval period, so that early-hatched tadpoles become 
larger than later-hatched ones (Warkentin 1999; Touchon et al 2013). Similarly, we found 
that early hatchlings reach feeding competence before older hatchlings do. Embryos 
hatched at 7.5 days began feeding on average 1.8–4.04 days younger than did those 
hatched at 14.5–15.5 days, while the late-hatching treatment was still in ovo. It is possible 
that glassfrogs are capable of compensatory growth to offset some costs of early 
hatching. 
Our results suggest that plastic hatching timing could help embryos benefit from 
facultative extensions in parental care. Across independent origins of prolonged care in 
glassfrogs (Centrolene, Hyalinobatrachium, and Ikakogi), we have found that embryos 
hatch early when abandoned by their caregiving parent and delay hatching under 
continued care (Delia et al 2014; Chapter 4). It is not known what cues early hatching in 
these species, but it might occur in response to deteriorating egg environments in the 
absence of care (e.g., predation, dehydration, and the accumulation of embryonic wastes; 
Delia et al 2014; Chapter 4; Méndez-Narváez & Delia unpublished). Here, our results 
support that delaying hatching provides a mechanism that could convert facultative 
extensions in care into direct offspring benefits. The evolution of parental care is thought 
to alter selection on offspring traits that increase the efficiently with which care is 
converted into offspring fitness (Kölliker et al 2012). For example, begging behavior can 
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indicate offspring need and/or solicit care, and coevolves with parental traits in many taxa 
(e.g., Royle et al 2004; Hinde et al 2010; Yoshioka et al 2016). There is no evidence 
suggesting that glassfrog embryos can solicit longer care durations. However, hatching 
plasticity may allow embryos to cope with and or exploit behavioral changes in 
parenting, mitigating fitness costs of early abandonment and converting increased 
parental effort into direct benefits. Elsewhere, we will test whether hatching plasticity 
functions as an adaptation to social dynamics of family life in glassfrogs.  
Hatching plasticity is widespread and likely ancient in centrolenids. It has been 
detected in 7 of 12 genera, including the genus sister to all other glassfrogs (this work, 
Chapter 4). Based on this distribution, it appears that some level of hatching plasticity is 
ancestral in this family and, if so, it has been conserved for some ~19–35 million years 
(according to divergence-time estimates by Hutter et al 2013 and Castroviejo-Fisher et al 
2014). We found consistent results across three genera of glassfrogs, supporting that 
semi-terrestrial reproduction generates clear life-stage-specific tradeoffs that currently 
maintain hatching plasticity across species. Selection for this plasticity may have been 
generated or enhanced by an initial transition from aquatic to semi-terrestrial 
reproduction, which occurred in the ancestor of the family or perhaps even earlier—the 
reproductive mode of the sister family, the Allophrynidae, remains unknown.  
 
Summary – A recent meta-analyses testing the generality of cued hatching in amphibians 
found equivocal results across species (Van Buskirk 2016). However, this analysis 
focused predominately on species with aquatic oviposition, where hatching might not 
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allow successful escape from aquatic predators. The greatest cued shifts in hatching 
among amphibians occur in species with terrestrial eggs and aquatic larval (reviewed by 
Warkentin 2011b), supporting that this reproductive mode is associated with strong 
selective trade-offs. Our results establish glassfrogs as another lineage, with an 
independent origin of semi-terrestrial reproduction, in which clear trade-offs occur 
between egg- and larval-stage risks and embryos have evolved substantial plasticity in 
hatching. This strengthens the generality of the association of reproductive ecology with 
the nature and magnitude of hatching plasticity. Hatching plasticity and stage-specific 
selection on eggs and larvae should be assessed and compared for other lineages in which 
these life stages share, and do not share, habitats. 
 
TABLES AND FIGURES 
Table 5.1. Hatching age for egg clutches of five glassfrog species 
 
 
 
 
Species Age range Mean n Mean n Mean W P
C. granulosa 7–20 12.1 (±0.56) 4 12.25 (±1.97) 15 12.06 (±0.53) 30 1
H. colymbiphyllum 7–20 12.46 (±0.45) 9 14.88 (±0.84) 21 11.42 (±0.36) 166 0
H. fleischmanni 7–19 12.4 (±0.53) 13 13.38 (±0.57) 7 10.57 (±0.72) 77 0.01
T. pulverata 7–19 12.56 (±0.36) 14 13.29 (±0.41) 11 11.63 (±0.52) 121 0.04
T. spinosa 7–21 12.36 (±0.68) 9 14.77 (±0.82) 11 11.9 (±0.9) 72 0.03
Hatching age in days for egg clutches of five glassfrog species monitored along Rio Frijoles, Panama. 
Means (±se) are calculated using the modal hatching age of each clutch, and separated into groups that did 
or did not experience embryo mortality from external sources (disturbed); Mann-Whitney U (MWU) were 
used to test for risk-induced shifts in hatching age between groups.
All clutches Undisturbed Disturbed MWU
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Table 5.2. PCA of hatchling phenotypes for five species.  
 
 
 
 
 
C. granulosa PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
SqR Eigenvalue 2.56 1.11 0.80 0.49 0.40 0.28 0.25 0.17 0.03
Prop. Variance 0.73 0.14 0.07 0.03 0.02 0.01 0.01 0.00 0.00
Total length (TL) 0.38 -0.04 0.07 -0.08 -0.35 0.20 -0.14 -0.39 -0.71
Tail length (TAL) 0.38 -0.10 0.04 -0.01 -0.29 0.16 -0.29 -0.42 0.69
Tail muscle width (TMW) 0.37 0.08 -0.12 0.23 0.22 -0.80 0.13 -0.30 -0.03
Yolk sac width (YSW) -0.20 0.53 0.76 0.21 -0.13 -0.13 -0.13 -0.08 0.01
Head width (HW) 0.35 0.14 0.26 -0.45 0.73 0.22 -0.08 -0.05 0.00
Tail muscle height (TMH) 0.35 0.14 -0.10 0.77 0.22 0.38 -0.04 0.24 -0.03
Tail height (TH) 0.38 0.02 0.05 -0.20 -0.24 -0.28 -0.44 0.69 -0.02
Yolk sac length (YSL) -0.12 0.75 -0.57 -0.15 -0.03 0.05 -0.26 -0.11 0.00
Head length (HL) 0.35 0.32 0.04 -0.19 -0.30 0.11 0.77 0.18 0.13
H. colymbiphyllum PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10
SqR Eigenvalue 2.51 1.23 0.92 0.71 0.64 0.44 0.33 0.25 0.21 0.07
Prop. Variance 0.63 0.15 0.09 0.05 0.04 0.02 0.01 0.01 0.00 0.00
Total length (TL) 0.38 0.03 -0.07 0.17 -0.19 0.38 -0.09 0.15 0.27 0.73
Tail length (TAL) 0.37 -0.02 0.08 0.09 -0.36 0.59 -0.01 0.04 -0.01 -0.61
Tail muscle width (TMW) 0.34 0.23 0.00 -0.13 -0.54 -0.53 0.47 0.17 0.04 -0.01
Yolk sac width (YSW) -0.07 0.63 0.61 0.28 0.15 -0.06 -0.16 0.19 0.23 -0.07
Head width (HW) 0.35 0.21 0.00 0.31 0.40 0.10 0.49 -0.38 -0.42 0.08
Tail muscle height (TMH) 0.36 0.23 -0.02 -0.23 -0.07 -0.18 -0.64 -0.07 -0.55 0.07
Tail height (TH) 0.32 0.17 -0.29 -0.44 0.55 0.06 0.07 0.45 0.23 -0.16
Yolk sac length (YSL) -0.21 0.34 -0.68 0.53 -0.09 -0.05 -0.11 0.24 -0.08 -0.11
Head length (HL) -0.24 0.55 -0.21 -0.44 -0.17 0.26 0.06 -0.52 0.20 0.05
Gut coil number (GC) 0.37 -0.12 -0.15 0.23 0.12 -0.34 -0.27 -0.49 0.55 -0.18
H. fleischmanni PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10
SqR Eigenvalue 2.68 1.18 0.80 0.52 0.43 0.37 0.33 0.28 0.14 0.04
Prop. Variance 0.72 0.14 0.06 0.03 0.02 0.01 0.01 0.01 0.00 0.00
Total length (TL) 0.37 -0.03 0.11 -0.18 -0.13 0.32 -0.07 0.04 0.29 0.78
Tail length (TAL) 0.36 0.03 0.08 -0.24 -0.17 0.46 -0.19 0.19 0.35 -0.61
Tail muscle width (TMW) 0.33 -0.07 -0.03 0.87 0.26 0.16 0.04 0.17 0.08 -0.01
Yolk sac width (YSW) -0.06 -0.78 -0.39 0.03 -0.40 -0.05 0.20 0.15 0.13 -0.01
Head width (HW) 0.35 -0.16 -0.07 -0.07 0.20 -0.04 0.25 -0.83 0.16 -0.12
Tail muscle height (TMH) 0.35 0.07 0.20 -0.22 0.14 -0.29 0.72 0.40 -0.02 -0.04
Tail height (TH) 0.32 -0.27 -0.19 -0.24 0.50 -0.40 -0.52 0.20 -0.04 0.01
Yolk sac length (YSL) -0.22 -0.39 0.81 0.08 0.06 -0.18 -0.11 -0.04 0.29 -0.04
Head length (HL) 0.34 -0.24 0.31 0.00 -0.23 0.17 -0.09 -0.08 -0.80 -0.03
Gut coil number (GC) 0.33 0.27 0.03 0.20 -0.60 -0.60 -0.20 -0.08 0.14 -0.03
	  	  
182 
Table 5.2 continued 
 
 
Table 5.3. Hatchling diving speed. 
 
 
 
T. pulverata PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10
SqR Eigenvalue 2.33 1.92 0.65 0.49 0.36 0.23 0.17 0.14 0.05 0.02
Prop. Variance 0.54 0.37 0.04 0.02 0.01 0.01 0.00 0.00 0.00 0.00
Total length (TL) 0.41 -0.10 -0.11 0.34 -0.01 0.19 -0.37 0.29 -0.07 0.66
Tail length (TAL) 0.37 0.23 -0.24 0.33 -0.04 0.07 -0.41 -0.14 -0.25 -0.62
Tail muscle width (TMW) 0.04 0.51 -0.18 -0.17 -0.02 -0.21 0.26 -0.09 -0.68 0.29
Yolk sac width (YSW) -0.04 -0.50 -0.03 -0.34 -0.63 -0.16 -0.31 -0.16 -0.31 0.01
Head width (HW) 0.41 0.11 -0.03 -0.30 -0.02 -0.63 -0.04 0.50 0.26 -0.12
Tail muscle Height (TMH) 0.31 0.32 -0.23 -0.29 -0.49 0.45 0.22 -0.13 0.39 0.05
Tail heigth (TH) 0.25 -0.36 -0.55 -0.31 0.52 -0.03 0.04 -0.37 0.06 0.07
Yolk sac length (YSL) -0.37 -0.03 -0.66 0.44 -0.27 -0.29 0.16 0.09 0.18 0.04
Head length (HL) 0.25 -0.41 -0.04 0.11 -0.06 0.25 0.59 0.42 -0.32 -0.25
Gut coil number (GC) 0.40 -0.11 0.32 0.40 -0.15 -0.37 0.33 -0.53 0.11 0.12
T. spinosa PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10
SqR Eigenvalue 2.60 1.18 0.89 0.80 0.45 0.35 0.22 0.18 0.11 0.03
Prop. Variance 0.68 0.14 0.08 0.06 0.02 0.01 0.00 0.00 0.00 0.00
Total length (TL) 0.37 -0.17 0.11 -0.02 0.17 0.00 -0.24 0.25 -0.09 0.81
Tail length (TAL) 0.37 -0.19 0.09 0.06 0.12 -0.07 -0.42 0.54 -0.17 -0.55
Tail muscle width (TMW) 0.35 0.10 -0.09 -0.23 -0.72 -0.52 -0.01 0.00 0.13 0.03
Yolk sac width (YSW) 0.06 0.74 -0.49 0.00 0.34 -0.18 -0.03 0.25 0.06 0.05
Head width (HW) 0.38 0.03 -0.08 0.00 0.18 -0.16 0.16 -0.48 -0.72 -0.08
Tail muscle height (TMH) 0.32 0.34 0.12 -0.20 -0.30 0.74 0.21 0.15 -0.13 -0.04
Tail height (TH) 0.22 0.35 0.47 0.72 -0.06 -0.06 -0.10 -0.20 0.18 -0.01
Yolk sac length (YSL) -0.24 0.28 0.69 -0.41 0.16 -0.31 0.18 0.20 -0.18 0.00
Head length (HL) 0.35 0.03 0.13 -0.46 0.33 0.07 -0.26 -0.46 0.49 -0.13
Gut coil number (GC) 0.36 -0.24 -0.01 0.11 0.24 -0.13 0.76 0.21 0.31 -0.06
Species Differences χ2 P value nhatchlings
C. granulosa 4.3 vs. 16.24 96.94 2.20E-16 105
H. colymbiphyllum 9.04 vs. 20.78 41.84 9.90E-11 120
H. fleischmanni 8.18 vs. 18.18 62.55 2.59E-15 100
T. pulverata 6.03 vs. 13.88 53.54 2.53E-13 110
T. spinosa 10.9 vs. 14.8 24.72 6.61E-07 144
Improvement in diving speed between early and late hatching in five 
species of glassfrogs (LRT of Linear MMs)
Diving speed (cm/s)
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Table 5.4. Onset of feeding after hatchling 
 
 
 
Table 5.5. Onset of feeding after oviposition 
 
 
 
 
 
 
 
 
Species Differences χ2 P value nhatchlings
C. granulosa  5.71 vs. 1.15 42.69 6.39E-11 63
H. colymbiphyllum 4.54 vs. 0.58 60.6 6.98E-15 61
H. fleischmanni 5.17 vs. 0.75 63.02 2.05E-15 59
T. pulverata 5.95 vs. 0.75 51.68 6.51E-13 62
T. spinosa 5.24 vs. 1.04 56.99 4.37E-14 84
Onset of feeding after hatching in early vs. late hatchlings of five species of 
glassfrogs (LRT of Poisson MM)
Onset of feeding (days) past hatching
Species Differences χ2 p value nhatchlings
C. granulosa 13.21 vs. 15.65 12.9 0.0003 63
H. colymbiphyllum 12.04 vs. 16.08 30.47 3.39E-08 61
H. fleischmanni 12.67 vs. 15.24 14.04 0.0001 59
T. pulverata 13.45 vs. 15.25 6.77 0.009 62
T. spinosa 12.74 vs. 15.54 22.32 2.30E-06 84
 Onset of feeding measured as days since oviposition for early vs. late 
hatchlings of five species of glassfrogs (LRT of Poisson MM)
Onset of feeding (days) past oviposition
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Figure 5.1. Predators of glassfrog embryos and larva in Rio Frijoles, Panama 
a) A Leptodeira septentrionalis attacking a H. fleischmanni clutch, which rapidly hatched 
out during the attack. Anyphaenid spiders capturing a H. colymbiphyllum embryo (b) and 
T. spinosa embryo (c)—nearby siblings successfully hatched during the attack in both 
species. d) The katydid Copiphora brevirostris consuming a H. colymbiphyllum clutch. 
Ants (likely Camponotus) extracting a H. colymbiphyllum embryo (e) and consuming a 
young T. pulverata clutch (f); nearby siblings in e successfully hatched during the attack. 
g and h) Stream fish Poecilia gillii (Poeciliidae); red dots in h indicate individual fishes. i) 
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The study stream, Rio Frijoles. All photos were taken on Rio Frijoles, except (a) is in 
Oaxaca, Mexico; we observed multiple attacks by this snake species on clutches of both 
Hyalinobatrachium on Rio Frijoles. 
 
 
Figure 5.2. Modal age of hatching for egg clutches of five species 
Modal age of hatching for egg clutches divided into clutches that were undisturbed (grey) 
or disturbed (white) by external sources of mortality (predators, dehydration, fungus). 
Lighter grey indicates overlap between the two categories of clutches. 
 
 
	  	  
186 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	  	  
187 
Figure 5.3. Morphology of early and late hatchlings 
Hatchling morphology hatched either early (7.5 d) or late (14.5–15.5 d). Data are box and 
whisker plots of principle component values summarizing multiple traits; PC1 represents 
overall size and development, in all species, while PC2 loadings vary among species. 
Panel (left): hatchlings from both age-treatments, white bars show 1 mm. 
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Figure 5.4. Hatchling locomotor performance and feeding onset  
Box plots (left) show diving speed; histograms show first observation of food in larval 
guts, measured as days after hatching (middle) or oviposition (right). Hatching ages:  
early (7.5 d) or late (14.5–15.5 d). 
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CHAPTER SIX: CONCLUSIONS 
Understanding how family life influences the evolution of parental and offspring traits is 
a central goal in behavioral ecology (Trivers 1972, 1974). Decades of research have 
demonstrated the critical role of parental care in evolutionary processes, ranging from our 
fundamental understanding of life-history evolution and sexual selection, to applied 
perspectives of human health and medicine (reviewed by Clutton-brock 1991, Stearns 
and Koella 2008, Royle et al. 2012). The origin of parental care can provide a starting 
point for a co-evolutionary process through which individual family members influence 
and evolve in response to parental behavior (Wolf et al. 1999, Alonzo 2010, Kilner and 
Hinde 2012, Kölliker et al. 2012). This process is thought to produce complex traits, such 
as those used by the sexes and by offspring to navigate and negotiate care levels (Gardner 
and Smiseth 2011, Piantadosi and Kidd 2016, Royle et al. 2016). Substantial empirical 
research on family dynamics has focused on groups with complex interactions between 
mothers and highly altricial young, such as birds and mammals (Kilner and Hinde 2012, 
Kölliker et al. 2012). This work has been key to informing and developing evolutionary 
theory, and has clearly shaped public perspectives over our own family dynamics 
(Dewsbury 2005). However, the generality and underlying assumptions of this theory 
may be taxon-specific (Alonzo 2010). Little is known about whether or how family life 
may influence the evolution of exclusive male care or alter the evolution of offspring 
within the egg. My dissertation has expanded behavioral and evolutionary analyses of 
parent–offspring interactions in a group wherein promiscuous fathers care for embryos in 
eggs.  
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 While parental care was previously considered to be rare and limited to males in 
glassfrogs, our fieldwork found that it is likely ubiquitous and both sexes can provide it. 
Previously, about 20% of glassfrogs were estimated to provide care. However, it now 
seems most likely that 100% care for their eggs. Functional analyses demonstrated that 
both sexes can meet offspring requirements. Major evolutionary changes in this group are 
characterized by prolongations of care duration with transitions from female-only to 
male-only care—a pattern suggesting there are limits on the expression of maternal care. 
The fact that the occurrence and diversity of care was greatly underestimated in 
glassfrogs has important implications for our understanding of care patterns in frogs—a 
notoriously diverse group in terms of parental strategies (Wells 2007). There has been 
considerable progress in understanding the evolution of parental care in frogs (Bee et al. 
2013, Summers and Tumulty 2014). However, many tropical families of amphibians 
remain poorly studied. Our work supports that basic fieldwork is likely to uncover 
additional diversity of parental strategies in frogs, and generate opportunities to test key 
hypotheses of parental care evolution. 
 Parental attendance of eggs is considered to be a simple form of care, having 
evolved as a response to harsh offspring environments (Clutton-Brock 1991, Smiseth et 
al. 2012). Sexual conflict over parental care is a focal area of interest in theoretical 
biology and behavioral ecology (Maynard-Smith 1977, Houston and Davies 1985, 
McNamara et al. 1999, Houston et al. 2005), with a considerable amount of research 
attempting to understand the maintenance of biparental care in light of antagonistic 
selection between the sexes (Lessells 2012). I found that evidence that maternal traits 
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may have diversified male-only care in glassfrogs. Elaborate male care repeatedly 
evolved from simpler female care in this group. While analyses of functional benefits 
support that an environmental buffering process may have extended care from one to 
several days, this hypothesis falls short in explaining the extensive care durations 
exhibited by males. Rather, I found that transitions to exclusive male-care are associated 
with a reduction in maternally produced egg jelly and chances in oviposition-site 
preferences, which limits water-storage capacity of clutches and rainfall exposure, thus 
increasing embryos' need for prolonged care. Thus, once male care has evolved it may be 
stabilized and, potentially, further elaborated by maternal traits that alter embryo need. 
Egg jelly is glycoprotein rich in amphibians (Wong and Wessel 2006), thus reducing jelly 
contributions under male care could provide an evolutionary mechanism for females to 
shift pre-zygotic maternal investment to post-zygotic paternal investment. Similarly, 
Paquet and Smiseth (2016) suggested that maternal effects on egg size or egg-hormone 
levels could provide a mechanism for females to influence male care. My results support 
that extra-egg components can mediate co-evolution between the sexes, and that egg 
phenotypes likely influenced the diversification of uniparental care in glassfrogs.  
 Embryos in eggs have been traditionally viewed as passive family members, 
incapable of responding to family interactions. I found evidence that embryos are 
responsive to behavioral and evolutionary changes in parental care. Glassfrogs exhibit 
considerable plasticity in hatching timing, and embryos can delay hatching to more than 
doubling the duration of the egg stage. Across origins of prolonged attendance, 
experiments revealed that glassfrog embryos accelerate hatching in response to parental 
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abandonment and extend development under continued care. Substantial growth and 
development occurs during this contingent embryonic period, allowing embryos to 
convert continued care into larval-stage benefits. Furthermore, comparative analyses 
support that care durations and hatching plasticity are associated in evolutionary time. 
The evolution of parental care is predicted to alter selection on offspring traits that 
increase the efficiently with which care is converted into offspring benefits (reviewed by 
Kölliker et al. 2012). My results provide a novel perspective on hatching plasticity as a 
key mechanism enabling embryos to cope with and exploit changes in parental care.  
Evolutionary changes in care duration correspond to extensions into and during the 
plastic embryonic period in glassfrogs. Elaborate co-extensions in care and embryonic 
periods have evolved repeatedly among species where males care for overlapping broods 
during a nest-cycle. This pattern suggests that extensions in care duration may result from 
mating dynamics, whereby higher mating success enhances the value of a nest and thus 
the benefits of prolonged male care. I tested this hypothesis using a comparative 
experiment across independent origins of male care, finding that males drastically 
extended care periods in response to an experimental increase in mating success. While 
conventional theory predicts that mating and male care should conflict (e.g., Maynard-
Smith 1977, McNamara et al. 2000, Kokko and Jennions 2008), my results demonstrate 
positive interactions between mating success and male care. This result contributes to 
emerging research supporting that both natural and sexual selection may reinforce 
exclusive male care (e.g., Sargent 1988, Lindström et al. 2006, Alonzo and Heckman 
2010, Alonzo 2010, 2012). In addition, embryos responded to these socially driven 
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changes in male care. I found that social interactions between males and females 
determine the period of safety for nests, as focal embryos of experimentally successful 
fathers experienced longer care periods and lower rates of mortality. Across independent 
origins of male care to overlapping broods, embryos delayed hatching and more than 
doubled the duration of development in the nests of high-success fathers. The positive 
effects of mating success on male care, and thus the opportunity for extended embryonic 
development, could provide an adaptive mechanism for female mate choice—a topic I 
am currently investigating. More importantly, because positive interactions between 
mating and care determine the quality of embryonic environments, social dynamics of 
parents may be a key source of variation influencing the evolution of hatching plasticity 
across species. This work supports that positive, reinforcing processes among family 
members may be elaborating paternal and offspring traits.   
 Hatching plasticity in glassfrogs is adaptive and can facilitate parent–embryo 
interactions. I evaluated the potential benefits of delayed hatching across five species. All 
exhibit an extensive facultative embryonic period, during which substantial growth and 
development occurs—the yolk sac is converted into a functional digestive system, so that 
late-hatching individuals enter the water ready to begin feeding. However, premature 
hatchlings are smaller, less developed, and must spend several days developing in the 
water before they can begin feeding; they have no ability to immediately utilize 
environmental resources for exotrophic growth. The first thing larvae must do upon 
entering the water is dive past predatory fishes to seek refuge in the benthic sediments. 
Diving speed of older hatchlings is much faster than that of younger individuals, 
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indicating that substantial development of swimming-related traits occurs during the 
plastic hatching period. This has direct relevance to larval survival in streams (Delia 
unpublished). Hence, delaying hatching allows glassfrog embryos to maximize growth 
and development on maternal yolk reserves prior to entering the larval-stage, emerging 
better equipped to survive their initial exposure to larval predators. This work provides 
evidence for benefits of delayed hatching that maintain and may have shaped adaptive 
hatching plasticity across this family of Neotropical frogs.  
 In summary, this dissertation highlights how family interactions may influence 
parent and embryo evolution. Egg attendance is the most widespread form of care in 
animals, having evolved numerous times among arthropods, fishes, amphibians, and 
amniotes (Clutton-Brock 1991, Smiseth et al. 2012). Furthermore, egg care is particularly 
labile among the sexes with patterns varying from male- to female-dominated across 
groups (Beck 1998, Reynolds et al. 2002, Mank et al. 2005, Gilbert and Manica 2015, 
Requena et al. 2013). Examining maternal changes to egg phenotypes may provide novel 
insight into the underlying processes generating such patterns. Understanding egg-clutch 
morphology, structural and biochemical compositions, and the maternal traits that 
produce them will likely provide rich opportunities to test for sexual conflict and co-
evolutionary processes in species with uniparental care. I found that hatching plasticity 
enables embryos to actively respond to family life in glassfrogs. This opens up 
possibilities for studying parent–offspring interactions in other groups where care is 
limited to the egg stage. Hatching plasticity is ancient and widespread in animals 
(Warkentin 2011a), and thus may have evolved in response to parental investment in 
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other lineages. Research on other groups could reveal new dynamics of parent–embryo 
coevolution, and offer opportunities to address the generality of parent–offspring theory 
in simple ecological contexts and across a greater taxonomic breath of organisms. 
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